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ABSTRACT: The interactions between the ocean and the atmosphere produce various climatic
phenomena, such as the EI Nifio-Southern Oscillation (ENSO), that influence hydrological systems. This
study serves as a basis for water resource management and planning in reservoirs and hydroelectric
generation, in both the short and long term. A methodology is proposed to study the potential influence
of extreme phases of ENSO on the amount of monthly and seasonal precipitation in areas where the
weather stations do not have a complete historical data record. A case study is presented of the seasonal
precipitation forecast for the largest water reservoir in Mexico. Data from 18 weather stations in the
hydrological sub-region Grijalva-La Concordia, in the state of Chiapas, were examined, the highest on
the river course of the rainwater catchment dam of the Grijalva Hydroelectric Complex, the most
important complex of its kind in Mexico. From the results it is expected that climate change will bring
more frequent El Nifio phases. The proposed methodology has been validated, making it an effective
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tool to evaluate the effects of ENSO on precipitation. The methodology is applicable to other regions,
particularly in developing countries where historical information is often incomplete.

RESUMEN: La interaccién océano-atmdsfera es un proceso que da paso a diferentes fendmenos
climéticos que tienen una fuerte influencia en los sistemas hidroldgicos, siendo el fenémeno El Nifio-
Oscilacion Sur (ENOS) uno de ellos. En este trabajo se planted una metodologia para el estudio de la
influencia de las fases extremos del ENOS sobre la cantidad de precipitacién mensual y estacional en
regiones donde las estaciones climatolédgicas no tienen un registro historico completo de datos. Para ello
se tomaron 18 estaciones climatoldgicas ubicadas en la Subregion Hidroldgica Grijalva-La Concordia
en Chiapas, México. El estudio de la influencia de los cambios de fase del ENOS en esta region es de
suma importancia ya que es donde se encuentra la Presa La Angostura, la cual tiene el mayor embalse
de agua en México y es la primera presa de captacién pluvial del Complejo Hidroeléctrico Grijalva, el
mas importante del territorio mexicano. Se espera que el cambio climatico acelere los procesos ciclicos
de las fases del ENOS, dando lugar a fases de El Nifio mas frecuentes. Por este motivo, este estudio sirve
de base para una gestion y planificacion del recurso hidrico en esta zona en el corto y largo plazo. La
metodologia planteada es una herramienta simple y eficaz, la cual permite evaluar el grado de influencia
del ENOS en la precipitacion, sin que para ello se tenga una serie completa de datos historicos.

1. Introduction

The relationship between the atmosphere and the ocean has a strong, complex, and non-linear behaviour.
The main processes in this interaction are heat exchanges, rainfall, evaporation, and wind shear. Running
through all these interactions is a continuous cycle of energy and matter transfer that is vital for the
understanding of the different meteorological and climatic processes that take place on Earth [1]. This
interaction works as a forcing agent in hydrological systems at different time scales and affects the
behaviour of meteorological and hydrographic variables, such as hydrological fluxes, precipitation, and
air temperature and humidity [2].

One example of such atmosphere-ocean interaction is the El Nifio-Southern Oscillation phenomenon,
(ENSO), a natural phenomenon with interannual frequency, characterised by fluctuating ocean surface
temperatures in the central and eastern tropical Pacific Ocean [3]. Of all the large-scale ocean-
atmospheric modes, ENSO has most impact on the interannual variability of global climate [4], directly
affecting most of the precipitation and temperature patterns on the planet [5]. The extreme phases of this
phenomenon are El Nifio (warm) and La Nifia (cool), compared to the Neutral phase [6]. The Oceanic
Nifio Index (ONI), developed by the National Oceanic and Atmospheric Administration (NOAA), is the
primary indicator for monitoring the oceanic part of this climate pattern [7], and measures the condition
and phase of ENSO in the Equatorial Pacific [8].

El Nifio and La Nifia occur on average every 3 to 5 years, although historical records show that their
interval of occurrence may be between 2 and 7 years. The approximate duration of each is 9 to 12 months,
but some episodes have persisted for as long as 2 years. It should be noted that an EI Nifio phase is not
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always followed by a La Nifia phase [6], and that generally, El Nifio occurs more frequently than La Nifia
[9]. While the ENSO cycle has persisted with no major perturbations for the past 11,000 years, scientists
forecast disruptions as a consequence of climate change [3]. For example, [10] suggested that EI Nifio
events will be more frequent in the future. [11] are more specific, predicting a 20% increase in the
frequency of El Nifio occurrence in the 21st century.

The extreme ENSO phases can cause severe storms, droughts, or floods, which may produce secondary
outcomes impacting agriculture, public health, freshwater availability, energy generation, and economic
activity in various regions of the world [12 and 13]. Fish production can also be affected, as changes in
ocean temperatures and currents occurring during El Nifio impact marine life [13]. These effects do not
occur evenly across the world. For example, the probability of drought increases in India, Indonesia,
Australia and much of the Amazon during El Nifio, while the south of the USA tends to have more
precipitation. During La Nifia, this pattern is reversed, with wetter conditions for Indonesia, Australia
and parts of the Amazon, and drier conditions in the south of the USA [12]. El Nifio and La Nifia can
even affect the same country differently. For example, from autumn to spring, El Nifio generally causes
increased precipitation and sometimes destructive flooding in the southern United States. In contrast, La
Nifa generally causes drier weather in the south and cooler and wetter weather in the northwest [13].
Although a considerable number of reports exist on changes in water availability due to the ENSO cycle,
in Mexico, no planning or policies for water management take this into consideration. Arguably, the
reason is the lack of detail in forecasting local consequences. This work analyses the effects of the
extreme phases of ENSO on monthly mean precipitation patterns in the La Concordia Hydrological Sub-
Region (HSR) in Chiapas, Mexico. This HSR was selected as it hosts Mexico’s most important
hydroelectric system. We used the historical records of 18 weather stations located in the HSR, which
are operated by the National Water Commission (CONAGUA) and the Ministry of Environment and
Natural Resources (SEMARNAT). Although these weather stations were carefully selected based on the
quality and quantity of available data, their data series are incomplete and historical records do not always
have an exact temporal coincidence between the stations. It was, therefore, necessary to apply a
methodology that would fit the available data and allow us to characterise the ENSO-related hydrology
in the study area.

Most works that analyse the influence of ENSO on rainfall patterns use the historical records of weather
stations in the areas studied. Incomplete or non-existent historical data is a common problem, particularly
in developing countries, and makes it impossible to use conventional statistical methods in such research.
For this reason, we propose a methodology where the stations are characterised by their historical records
during ENSO phases, which give more realistic values than simple historical averages. The main goal is
to achieve a better forecast of the rainfall regime related to ENSO extreme phases.

The paper is organised as follows: the information for the study area collected is analysed and the
methodology used is described. The results are then given, analysed, and validated. Finally, the
conclusions are presented.

2. Methodology
2.1. Study Area
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In Mexico, climate variability is often associated with the ENSO phenomenon [14]. El Nifio has
asymmetric effects across the country, with higher rainfall in the north and dry periods in the centre and
south during the summer. In winter, a positive ENSO phase causes a precipitation anomaly in the north,
while findings on its effects in the south and centre remain divergent [15].

The Hydrological Regions (HR) in southeast Mexico contain two-thirds of the country’s available water
[16]. Hence, it is important to anticipate the effects of the extreme phases of ENSO on the hydro-
meteorological conditions here. With knowledge of these variabilities, strategic measures can be
established to manage the water resources affected by any increase in the occurrence or intensity of El
Nifio. The basins in the HRs of south-eastern Mexico are important, socioeconomically, and
environmentally, and are highly vulnerable. The La Concordia HSR was selected for this study as it is
the most important in the country.

HR 30 is one of the wettest HRs in Mexico [17] and is home to the biggest rivers in the country: the
Usumacinta and the Grijalva [18]. It covers 91,345 km?, and its ecosystems host 64% of the known
national biodiversity, as shown in Figure 1. The country’s four most important hydroelectric plants are
found in this HR, forming the Grijalva Hydroelectric Complex [19], which generates 38.2% of the
country’s installed hydroelectric capacity [20].

The HSR La Concordia is part of this HR, and is comprised of twelve hydrographic basins, as seen in
Figure 2. The flow in the hydrological basin of the Lagartero River continues to the Selegua River basin,
and those of the Yayahuita, Zacualpa and Papizaca contribute their flow to the San Miguel River basin.
The La Concordia, Selegua, San Miguel, Aguacatenco, Aguzarca, San Pedro and Grande (or Salinas),
hydrological basins contribute their flow to the La Angostura Dam basin and this contributes to the
Chicoasén Dam Hydrological Basin [19].

The main river in this HSR is the Grijalva, which rises in the Republic of Guatemala and flows into the
Gulf of Mexico. The region lies between the border with Guatemala and the La Angostura dam [21],
covering approximately 9,644 km?. The rainy season here occurs typically from May to October [19],
and the Angostura Dam is the largest rain-fed dam of the Grijalva hydroelectric system (see Figure 3).
The hydroelectric plant at the dam has an installed electricity generation capacity of 900 MW [22], which
is 7.2 % of the installed hydroelectric capacity in Mexico [20]. The dam is also the largest reservoir in
the country, with a capacity at the Maximum Ordinary Water Level of 12762 hm?® [23]. The main uses
of this water include electricity generation, flood control, fishing, and aquaculture exploitation [24].
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QGIS Desktop 3.18.2 and CONABIO Geoportal database)
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Figure 2 Location of the La Concordia HSR and the river basins within it (The map reference system is
UTM Zone 15 N, QGIS Desktop 3.18.2 and CONABIO Geo portal database)

2.2. Analysis of the information

For the analysis of the historical precipitation data [25], eighteen stations from the weather stations

network were selected according to the following criteria:

- Presently operational.

- Historical data record of 30 years or more (Table 1).

- The historical record was at least 85% complete (Table 1).

- The final group was distributed across the HSR as evenly as possible.

Table 1 shows the list of weather stations selected for the analysis in the La Concordia HSR.

Table 1 Data of the weather stations studied

Location Data
Station | Name Altitude | Latitude |Longitude |Home |Final Total Missing
(masl) | (°) °) (year) (year) (years) |data (%)
7002 |APelardo Ll oon 163792 |-922375 |1963  |2017 |55 3.00
Rodriguez
7007 |AMALNANGo |1 oon 165081 |92.4378 |1964  |2016 |53 213
del Valle
7009 Aquespala | 617 15.7942 |-91.9203 |1957 2013 57 4.98
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7021 | Catarinitas | 945 15.0025 |-92.4828 1985 |2014 |30 6.49

7025 |COMAN o0 162333 |-92.1333 |1982  |2018 |37 8.33
(OBS)
Finca

7037 1550  |15.7286 |-92.9689 |1951  |2015 |65 9.30
Cuxtepeques

7054 E::g?a Al1040  |157319 |-027042 |1954 |2012 |59 14.45

7067 |ronteraig0g 15.4336 |-92.1142 |1970 |2017 |48 13.85
Amatenango

7070 |Guadalupe .o, 15.6936 |-92.1611 |1961  |2015 |55 6.07
Grijalva

7094  |LaMesilla |1210 |16.1842 |-92.2875 |1971  |2016 |46 739

7119 (Mowzintla o0 153642 |922481 |1950  |2018 |69 5.27
(SMN)

7145 [P0 540 15.8708 |-92.9536 |1950  |2017 |68 7.60
Francisco

7180 | Jalenango |, 15.8708 |-92.7239 |1970 |2016 |47 2.84
(CFE)

7205 |Comitan - liea 162511 |-02.1342 (1961|2016 |56 1.63
(DGE)

7224 | Chicomuselo | 550 15.752  |-92.274  |1975  |2017 |43 8.08

7035 |Revolucion . 16.163 |-93.076  |1977 |2017 |41 7.80
Mexicana

7329 |Cascajal  |650 16309  |-92.486  |1980  |2018 |39 6.02

7342 ?ueér:';; 580 16.0828 |-92.8406 |1980 |2017 |38 13.08
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Figure 3 Location of the weather stations studied (The map reference system is UTM Zone 15 N,
QGIS Desktop 3.18.2 and CONAGUA database)

An exploratory analysis of the data from each of the weather stations in Table 1 revealed significant
porosity in the records. To complete the missing daily precipitation data, we intended to use the U.S.
Weather Bureau method and a linear regression method. However, these methods require the daily
precipitation records from at least four other stations, as close as possible and uniformly located around
the incomplete station [26]. For the La Concordia stations, none fulfilled the methods’ requirements, so
they were not applicable.

The solution found was extracting the daily-monthly precipitation data for each station, according to El
Nifio, La Nifia and Neutral episodes, using the ONI database from 1950 to the present, available on the
NOAA website, [27]. Although the magnitude and duration of each El Nifio and La Nifia episode are
different [28] and there have been some unusually strong El Nifio and La Nifia episodes [29], it was
assumed that their influence on precipitation in the study area was similar during each episode.

2.3. Analysis of the information

For each weather station, the following procedure was followed:

- The daily precipitation data for each month was separated from the recorded measurements for each
year, using the ONI data published on the NOAA website, [27], and annotating whether the month was
Nifio, Nifia or Neutral.
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- From this monthly data, the mean (historical), median, mode, standard deviation and variance were
found for each month.
- The probability of monthly rainfall according to the ENSO phase was found using Equation 1:
N (x)
P (x)="r— 1)
N,(x)
where:

P (x): rainfall probability in the month X
N _(x): number of data with rainfall recorded in the month X

N _.(x): number of data recorded in total in the month X

X : month of the year
- In a similar way, the average monthly precipitation (Total) was found for each station, according to the
ENSO phase, using Equations 2 and 3:

d.(x)=P.(x)xd, (x) )
R, (x)=d (x)xR,(x) (3)
where:

d (x): days with rainfall in the month X .

P (x): rainfall probability in the month X .
d_(x):numbers of days in the month X .
R_(x):monthly average rainfall calculated in the month X .

R, (x): historical average rainfall in the month X .

X : month of the year.

- The rainfall anomaly was then calculated according to [30], for the extreme ENSO phases using
Equation 4:

Ar(X)_[ m.ENSO

(X) R Normal( )j (4)

m.Normal( )
where:

A (x):anomaly of the rainfall in the month X .

Rm.ENSO(X): monthly rainfall calculated according to the Extrema ENSO phase (El Nifio or La Nifia),

using Equation 3.
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(x): monthly rainfall calculated according to the Normal ENSO phase for month x, using

m.Normal
Equation 3.
X : month of the year.
Once this information was collected and processed for all the weather stations in Table 1, the following
methods were used to calculate each of the parameters to find the volume total monthly precipitation in
the region.
- The Thiessen Polygon Method [31] was used to find the area of influence of each weather station in the
study area [32]. The size and shape of these areas of influence depend on the distribution of the stations
[33]. Disadvantages of this method are that it does not consider the influence of the topography of the
study area [31], and that the associated error cannot be estimated, since the value for each polygon is
obtained from a single point [33]. Therefore, two calculation methods were used in this study. To
calculate the Thiessen Polygons, we used the computer program QGIS Desktop, version 3.18.2. The
resulting areas of influence of each station are shown in Figure 4. Then, Equation 5 was used to calculate
average monthly precipitation in the La Concordia HSR according to the ENSO phase.

18
Ry yox(X)= Z(Rm,i(X)XAI) (5)
i1

where:

I : stations studied (in total 18).
R, ..(x):monthly average rainfall volume total calculated in the La Concordia HSR for The Thiessen

Polygon Method.
R (x):Monthly average rainfall calculated using equation 3 for the station i.

A[: Influence area for the station i.
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Figure 4 Location of the weather stations studied (The map reference system is UTM Zone 15 N,
QGIS Desktop 3.18.2 and CONAGUA database)

- The Kriging spatial interference method was used to obtain a series of continuous data for all the stations
based on the distance between the points with and without data [32]. To make these calculations,
MATLAB R2019a was used. The resulting square matrix of 18X18 equal area sectors gave values
calculated from the initial data. Then, according to the ENSO phase, to calculate the monthly
precipitation, Equation 6 was used. The only drawback found in the application of this method was that
we could not adjust the precipitation calculation to the exact area of the La Concordia HSR.

324

Reuse()=4x 2 (R, (%) ©)
j=1

where:

7 - number of elements in the 18 x 18 matrix (324).

AS: area of each sector of the 18x18 matrix.

R, ...(x):monthly average rainfall volume total calculated in the La Concordia HSR for the Kriging

spatial interference method.
R 1,(X) : monthly average rainfall calculated for the Kriging spatial interference method for each

element of the 18x18 matrix.
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2.4. Validation of the Methodology

To test the proposed methodology for missing data estimation, a period of approximately 20 years
(November 1963 to April 1984) was analysed for station 7009, which shows a complete record of
precipitation data. The proposed methodology was applied, and the analysed rainfall period was
reconstructed from the results obtained with 100% of the data. Then, 0.5, 1.0, 2.5, 5.0, 5.0, 7.5, 10.0,
12.5, 15.0, 20.0, 25.0, 30.0 and 40.0% of data were randomly removed and computed. Figure 5 shows a
comparison of the original and estimated data.

Original vs computed monthly data. Percent of data
500 removed.
— Original — 10.0%
— 0.0% 12.5%
450 0.5% — 15.0%
— 1.0% 20.0%
— 2.5% 25.0%
400 — 5.0% 30.0%
7.5% 40.0%
£ 350
£
§ 300
g |
-§ 250 m
9 -
: |
> 200 ]' 11 ‘
= | |
E 1 o | i U
= 150 | _. . \ |
100 ‘ ' Lhys | [
‘ INARRERN
50
r |
~ | ) UUWL
OE»UMMM AR PQJM YA

9/15/65 11/24/67 2/1/70 4/11/72 6/20/74 8/28/76 11/6/78 1/14/81 3/25/83
Date.
Figure 5 Comparison of monthly precipitation of station 7009 and monthly precipitation reconstructed
using the methodology proposed

For all the time series that were reconstructed with the proposed methodology, the correlation with the
original series was over 82.2%. When comparing the reconstructed series with different amounts of data
removed, the mean absolute percentage error (MAPE) yielded an average value of 30.66% with a
standard deviation of 2.03. This MAPE value obtained is considered a reasonable forecast [34]. While
for the dry months, a mean MAPE value is 52.96% with a standard deviation of 2.85, which is considered
inaccurate [34], as seen in Table 2. The MAPE was calculated using Equation 7. In Table 2, it can be
seen that the MAPE values increase as the percentage of data removed increases, although this increase
is not directly proportional. The results show that the methodology adequately reconstructs the average
monthly precipitation.
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However, it does not fit the extreme values well, which causes the errors to increase in the rainy months.
In the dry months, the precipitation values are so low that a very small variation produces very large
errors.

A -F,

1 1

MAPE =100 x 12
n= A

1

(7)

where:
A,- - current value.

F - predicted value.

I1: total number of observations.

Table 2 Monthly MAPE values for the different time series reconstructed, using the proposed
methodology

Percent of data removed from| Monthly MAPE values (%)
the original series (%) Dry months | Rainy months
0 49.74 29.06
0.50 50.15 29.68
1.00 50.21 29.73
2.50 50.27 29.74
5.00 50.83 29.76
5.50 51.71 29.81
10.00 52.56 30.05
12.50 53.09 30.25
15.00 54.63 30.43
20.00 55.37 30.61
25.00 55.94 30.74
30.00 56.93 32.52
40.00 57.95 36.86

When using the proposed methodology to determine the mean precipitation, Equations 8 and 9 during
the rainy and/or dry periods, the results are very close to the real values for the time periods with the total
data, or with some of the missing data. The mean MAPE value for the rainy months is 12.77% with a
standard deviation of 0.83 (Table 3), which is considered a good forecast. For the dry season, the mean
MAPE value is 30.37% with a standard deviation of 3.03, considered a reasonable forecast [34].

PD.S = RNOV + RDec + R/an + RFeb + RMar + RApr (8)
PR.S = RMay + R/un + R/ul + RAug + RSep + RUCZ' (9)
Where:
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P, total rainfall in the dry season.
P, . total rainfall in the rainy season.

R R_..,.,R

ot D e - Monthly rainfall values, these were calculated using the proposed methodology
(Equation 4). It is worth mentioning that the ENSO phase was considered when adding the monthly
precipitation values of Equations 8 and 9.

Figure 6 shows the rainfall during various rainy and dry seasons, between November 1963 and April
1984. The original data series, and those reconstructed with the methodology proposed, at 100%, 99.5%,
99.0%, 97.5%, 95.0%, 92.5%, 90.0%, 87.5%, 85.0%, 80.0%, 75.0%, 70.0% and 60.0% of the data,

respectively.

Original vs computed seasonally data. Z?;%i'g d"fda‘a

1600 — Original — 10.0%
— 0.0% 12.5%

0.5% — 15.0%

1400 — 1.0% 20.0%
— 2.5% 25.0%

— 5.0% 30.0%

7.5% 40.0%

£ 1200 .

800

600

Precipitation during seasons (mm)

400

200 | {

9/15/65 11/24/67 2/1/70 4/11/72 6/20/74 8/28/76 11/6/78 1/14/81 3/25/83
Date.
Figure 6 Comparison of the real seasonal precipitation of station 7009 with the seasonal precipitation
reconstructed with the methodology proposed for periods with different amounts of data (compared to
the original series)

Table 3 MAPE values for the different time series reconstructed by using the proposed methodology
Percentage of data removed | MAPE values for precipitation periods (%o).
from the original series (%0). |Dry Rainy
0 27.70 11.88

S0e0




Revista Facultad de Ingenieria, Universidad de Antioquia, N0.xX, pp. X-XX, XXX-XXX 20XX
M. F. Jiménez-Lavie et al.; Revista Facultad de Ingenieria, No. xx, pp. X-X, 20xx

0.50 27.66 11.93
1.00 30.20 11.94
2.50 28.40 12.10
5.00 28.41 12.56
5.50 27.92 12.66
10.00 29.78 12.69
12.50 30.64 12.88
15.00 30.27 12.95
20.00 30.48 12.97
25.00 31.85 13.01
30.00 35.71 13.82
40.00% 37.51 14.87

It is seen that the data source used in the application of the methodology must be reliable and the data
must be validated as thoroughly as possible. Techniques such as the Standard Normal Homogeneity
(SNHT) and Pettitt and Buishand can be used.

3. Results

The calculation of the anomalies of the probability of rain and the average monthly precipitation allows
us to infer how sensitive the study area is to the influence of the extreme phases of the ENSO
phenomenon and to have a relative measure of the effect of these anomalies with respect to the average
conditions. For example, if the anomalies are positive, this indicates an increase in the probability of rain
and/or average monthly precipitation with respect to the historical average. If the anomalies are negative,
this suggests a decrease in the probability of rain and/or average monthly precipitation. In the proposed
methodology, the anomaly allows us to characterize the behaviour of the parameters analysed in each
month of the year, without the need to have a complete historical series of data, inferring their monthly
behaviour according to the ENSO phase.

3.1. Anomalies in rainfall probability

Anomalies in rainfall probability during the ENSO phase were calculated for each station using Equation
1, and then each station anomaly was calculated with Equation 4. Analysis of the historical data from
each station shows that negative anomaly values in monthly rainfall probability prevail during El Nifio
phase. These anomalies represent approximately 63% of the total, and are particularly noticeable for
stations 7037, 7067 and 7224, where such anomalies are seen for nine months of the year (see Figure 7).
The only station where positive anomalies are observed for seven months of the year is station 7342,
while for stations 7021 and 7119 the anomalies are seen for six months. In the rest of the stations, there
are negative anomalies in various months of the year. The data was analysed to see whether there was
any link between the positive or negative anomalies and the altitude of the stations, or their geographical
location, but no correlation was found. However, it was observed that the stations with the highest
number of positive anomalies in the rainy season (7007, 7021, 7037, 7054, 7145, 7180 and 7342) are in
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the neighbouring basins 5, 6 and 7 (except for station 7007), in the southwest of the HSR (see Figure 2
and Figure 3).
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Figure 7 Anomalies in monthly rainfall probability during an EI Nifio phase

For a better visualisation of the results, the data were grouped in three-month periods, starting with May,
the first month of the rainy season, and ending with April, so that the top two graphs show the rainy
months, and the bottom panels the dry months.

In the La Nifia phase, around 59.3% of months have positive anomalies in monthly rainfall probabilities,
as seen in Figure 8. The data for stations 7007 and 7145 shows the greatest number of positive anomalies:
9 and 11 months of the year, respectively. Also, in the La Nifia phase, in June and July (in the rainy
season),15 of the 18 stations studied have positive anomalies, and in August all of them have positive
anomalies. It is also worth noting that station 7021 has much greater positive anomalies than the rest of
the stations from July to October. In contrast, at stations 7009, 7037, 7180 and 7236, negative anomalies
prevail in more than 6 months of the year. For the other stations, positive anomalies are seen in different
months. Once again, the analysis showed that there was no correlation between the values of positive or
negative anomalies at stations with respect to altitude or geographical position.
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Figure 8 Anomalies in monthly rainfall probability during a La Nifia phase

3.2. Anomalies in monthly mean precipitation

Monthly mean precipitation during the ENSO phase was calculated for each station, using Equation 3,
and then each station anomaly was calculated with Equation 4. Figure 9 shows the monthly mean
precipitation anomalies during the El Nifio phase. The negative anomalies account for 56.5% of the total.
From April to October, except for June, 66.6% or more of the stations have negative anomalies. Stations
7119, 7145 and 7329 are the only stations that have positive anomalies in more than six months, the rest
have negative anomalies for six months or more. No correlation was found between the stations with the
highest number of positive or negative anomalies regarding their geographical location or altitude.
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Figure 9 Monthly precipitation anomalies during an EI Nifio phase.

During the dry season, from November to April, monthly precipitation rates are very low, which explains
why very large anomalies can be seen.

In Figure 10, the positive monthly precipitation anomalies during La Nifia phase prevail with 57.9 % of
the total. The months between June and September have the highest number of positive anomalies: over
70%. Stations 7002, 7025, 7070 and 7119 are the only stations that had negative anomalies in over six
months, the rest had positive anomalies in six months or more. Station 7145 is the only station with
positive anomalies in all months. It is worth noting that this station also had positive rainfall probability
anomalies in eleven months of the year. In the La Nifia phase, it is also worth noting that station 7021
had highest positive anomalies between July and October. No correlation was found between the stations
with the highest number of positive or negative anomalies, with respect to their geographical location or
altitude.
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Figure 10 Monthly precipitation anomalies during a La Nifia phase.

3.3. Volume total rainfall in the La Concordia HSR

Figure 11 shows the anomalies in the volume total rainfall for each station, which were found using the
Thiessen Polygons and Kriging Spatial Interference methods. The anomaly values calculated with each
method are quite similar in value and sign, except for the month of January for the El Nifio phase, and
November in the La Nifia phase. It is seen that in the rainy season, except for the month of May, the
volumes of precipitated water are greater in the La Nifia phase: 20.0% higher than in the Neutral phase.
The opposite is true when EI Nifio occurs: the volume of precipitated water is less with respect to the
Neutral phase in the rainy season, with negative anomalies of over 20.0%. In the dry months, when
rainfall is much lower, it is observed that in most months, except April, the anomalies are positive in El
Nifio phases, while in the La Nifia phase, positive and negative anomalies are seen in the various months
for the different stations.
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Figure 11. Anomaly values in monthly precipitation volumes in La Concordia HSR for the extreme
phases of ENSO

4. Conclusions

The results obtained indicate that the different ENSO phases affect the rainfall patterns in the study area.
In the rainy season, the El Nifio phase has a negative effect on the probability of rainfall, as well as on
the mean monthly precipitation, at over 60% of the stations studied. The opposite is observed for the La
Nifia phase, which positively affects the probability of rainfall and mean monthly precipitation, at over
57% of the stations in the rainy months.

Precipitation forecasts have become an essential tool in many fields; however, they still present a high
degree of uncertainty due to the complexity of the physical mechanisms involved in the generation of
precipitation [35]. From the results obtained, the following can be stated:

- The mean absolute percentage error obtained (MAPE) for the monthly rainfall forecast during the rainy
months vary from 29% to 37% (Table 2), depending on the time series, which is considered a reasonable
forecast [34]. However, for the dry months the MAPE obtained are considered inaccurate.

- In the case of the seasonal rainfall forecast, the MAPE values in the rainy season are less than 15%,
which is considered a good forecast, and for the dry season these values vary between 27% and 38%
(Table 3), which is considered a reasonable forecast [34].
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Therefore, the proposed methodology works best for the calculation of seasonal mean precipitation,
although reasonable monthly forecast values are obtained during the rainy months. This methodology
does not work well in months when there is little rainfall.

As control and planning tools for urban and rural basins are gaining importance in water resource
planning [36], the results obtained should be considered in future, more detailed studies, such as into the
effect of ENSO phases in the various stages of the hydrological cycle (evaporation, infiltration, and
runoff), and resultant availability of water for human consumption and hydroelectric generation. The
results contribute to a better understanding of the climatology in the study area and ought to be taken into
consideration in the future for decision-making during the planning of this precious resource.

Another relevant contribution of the work is the methodology presented, which allows the user monthly
and seasonal forecasts of precipitation, as well as an analysis of these, in relation to ENSO phases. It is
a reliable tool when analysis is required for an area where the historical records of daily precipitation
data series are incomplete, as is the case of the study area.

In the future, we intend to examine how the extreme phases of ENSO affect the volume of surface water
that runs into the reservoir of the La Angostura hydroelectric plant and analyse how this affects
hydroelectric generation. This will also affect other downstream hydroelectric plants because insufficient
rainfall means there will be less surface runoff, and in turn, less power can be generated. Indeed, very
abundant rainfall may also affect hydroelectric generation, as the excess water in the reservoirs will have
to be released. In addition, if the discharge of these excess volumes is not well managed, this could cause
flooding downstream, affecting agricultural areas, and putting at risk downstream populations. Work on
dam management in the study region such as that conducted by [37] for optimisation in a multi-dam
system should be extended.

With this research, we hope that decision-makers in Mexico will be better equipped to undertake the
technical management of reservoirs, particularly where continuous hydrological information is
unavailable. We believe that this methodology is easily adaptable for the characterisation of the
hydrological regime in other regions, particularly in developing countries where the historical
information is often incomplete.
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