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Abstract 

According to various national and international institutions, which position 

Mexico as one of the most vulnerable countries to the effects of climate 

variability, such as extreme hydrometeorological events and climate 

change, with intensify some of these events. The research was conducted 

with the purpose of understanding how temperature and precipitation 

have behaved over a 60-year period (1956-2015), based on the analysis 

of monthly data from meteorological stations, using process automation 

(to structure geospatial data, perform interpolations, and classify climate 

according to Köppen-Geiger), and the use of geospatial tools, in one of 

the most important sub-basins as a source of drinking water supply, both 

for the region and for Mexico City, and one of the main agricultural areas 

in the State of Mexico. The results of the three analyses conducted in this 

study demonstrate that, although there have been some changes in 

precipitation and temperature values, these variations have not implied a 

change in the current climate type. However, it is not ruled out that this 

situation may be altered at the watershed level, as other authors assert, 

mentioning that precipitation is decreasing while temperatures are rising 
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throughout the central region of the country. Therefore, integrated 

environmental conservation actions within the Sila river sub-basin are 

necessary to maintain current climatic conditions, thus safeguarding the 

well-being of future generations. 

Keywords: Köppen-Geiger, Mann-Kendall, Sila river Sub-basin, Spatio-

temporal analysis of change, TerrSet. 

 

Resumen 

De acuerdo con diversas instituciones nacionales e internacionales, 

México es uno de los países más vulnerables a los efectos de la 

variabilidad climática, como eventos hidrometeorológicos extremos y de 

cambio climático. La presente investigación se desarrolló con el propósito 

de conocer cómo se han comportado la temperatura y precipitación en un 

periodo de 60 años (1956-2015), a partir del análisis de los datos 

mensuales de las estaciones meteorológicas, mediante la automatización 

de procesos (para estructurar datos geoespaciales, hacer interpolaciones 

y clasificar el clima según Köppen-Geiger), y el uso de herramientas 

geoespaciales, en una de las subcuencas más importantes como fuente 

de abastecimiento de agua potable tanto para la región como para la 

Ciudad de México, y una de las principales zonas agrícolas del Estado de 

México. Los resultados de los tres análisis realizados en este estudio 

demuestran que aunque se han presentado algunos cambios en los 

valores de precipitación y temperatura, dichas variaciones no han 

implicado un cambio en el tipo de clima presente. Sin embargo, no se 

descarta que esta situación pueda verse modificada por cambios a nivel 

cuenca, como aseguran otros autores, quienes mencionan que la 
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precipitación está disminuyendo mientras que la temperatura está 

aumentando para todo el centro del país. Por lo tanto, se hacen necesarias 

acciones integradas de conservación ambiental dentro de la subcuenca 

del río Sila, que permitan mantener las condiciones climáticas actuales, 

salvaguardando así el bienestar de las futuras generaciones. 

Palabras clave: análisis espaciotemporal del cambio, Köppen-Geiger, 

Mann-Kendall, Subcuenca del río Sila, TerrSet. 
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Introduction 
 
 

The United Nations Framework Convention on Climate Change (UNFCCC), 

in its first article, defines climate change as "climate change attributed 

directly or indirectly to human activity that alters the composition of the 

global atmosphere and that adds to natural climate variability observed 

over comparable time periods” (UN, 1992). Unlike climate change, climate 

variability is defined as variations in the average state of the climate. The 

term is used to indicate the deviations of the climatic statistics during a 

certain period of time (for example, a month, a season or a year), in 

comparison to the long-term statistics for the same calendar period 

according to World Meteorological Organization (OMM, following the 

Sppanish acronym) (OMM, 2022). 
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According to the Sixth Assessment Report (2023) provided by the 

Intergovernmental Panel on Climate Change (IPCC, 2023), an increase of 

3.2 °C in the global average surface temperatures is projected by the year 

2100 if the policies considered until the year 2020 do continue. Because 

of the increase in temperature on Earth, the hydrological cycle would be 

modified, since its movement is mainly due to the energy provided by the 

Sun to raise the water (evaporation) and to the terrestrial gravity that 

causes the evaporated water to descend in form of precipitation (rain or 

snowfall). These modifications could: 1) produce more intense and 

frequent rainfall (with risk of flooding); or, 2) reduce rainfall, generating 

drier summers (with risk of droughts). 

Due to the above, authors such as Nigusie and Wondimagegn 

(2020); Fekadu, Biru and Mamo (2019); Nandi and Manne (2020); Nonki, 

Lenouo, Lennard and Tchawoua (2019); Pandey, Khare, Kawasaki and 

Mishra (2019), as well as Bedewi and Kumar (2018) consider that, due to 

climate change, water resources in arid or semi-arid regions such as Africa 

and India will decrease, which would mean that in the next 30 years, 

population living with water shortage could double. Instead, González-

Celda, Ríos, Benegas-Negri and Argotty-Benavides (2021); Minga (2018); 

Pilares et al. (2018), in addition to Bedewi and Kumar (2018) predict an 

increase in the amount of rainfall, especially in countries such as Ecuador, 

Peru, Guatemala and Mexico, which could lead to extraordinary runoffs, 

so authors like Deng, Pisani, Hernández and Li (2020); Minga (2018); 

Pilares et al. (2018), and Vázquez-Ochoa, Correa-Sandoval, Vargas-

Castilleja, Vázquez-Sauceda and Rodríguez-Castro (2021) interpret them 

as possible future risks that must be considered. 
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According to the Government of Mexico (Gobierno de la República, 

2014), the country has geographical characteristics that place it as one of 

the most vulnerable countries to the effects of climate change. Its location 

between two oceans, its latitude and relief make it particularly exposed 

to different hydrometeorological phenomena (for example: droughts and 

hurricanes). Due to the high exposure of the Mexican territory, adaptation 

and mitigation to climate change is a priority. One way to start this 

process is by preparing a diagnosis of current and future vulnerability, 

which is the basis for the design and implementation of actions to reduce 

them. A fundamental aspect for the assessment of current and future 

vulnerability, within the process of adaptation to climate change, 

corresponds to the evaluation of climate variability (Conde & López, 

2016). 

This type of assessment must consider that neither climate 

variability nor climate change have a uniform behaviour over the territory 

(as can be misinterpreted when consulting small-scale or coarse-

resolution maps on these issues), so they present differences depending 

on local conditions, being necessary to work with higher resolutions than 

those handled by the National Institute of Ecology and Climate Change 

(INECC, following the Spanish acronym) (INECC, 2022), who presents 

climate change scenarios for the entire country at a resolution of 30 km; 

however, such resolution is not enough to carry out a local analysis, nor 

for the identification of specific conservation, adaptation and/or mitigation 

strategies. The low resolution of these models is directly associated with 

the degree of uncertainty in climate projections, as they do not fully 

capture local variations. For example, with a 30 km resolution, the sub-

basin would be contained within a single grid cell. This can lead to the 
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interpretation that it is a homogeneous territory and that climate 

variability and/or change will behave uniformly across the entire sub-

basin. Therefore, there is spatial uncertainty in this regard. 

Specifically, the study area, which is the Sila river sub-basin, is 

located in the north of the State of Mexico. Its importance lies in the fact 

that it serves as a source of drinking water supply, not only for the region 

but also mainly for Mexico City (63 wells for urban public use and 91 wells 

for different uses) (State Commission for Natural Parks and Wildlife 

(Cepanaf, following the Spanish acronym) (Cepanaf, 2019); National 

Water Commission (Conagua, following the Spanish acronym) (Conagua, 

2023); Rodríguez (2022), combined with the population growth and the 

demand for water, unplanned changes in land use, lack of piped water 

services, and high rates of marginalization in the upper parts of the sub-

basin. Besides, inhabitants of the sub-basin have the perception that 

rainfall has decreased in recent years, causing damage to corn crops 

(Colaborador, 2020; Rodríguez, 2022) which are crucial for the 

indigenous-speaking population concentrated in the valley. 

Taking these aspects into account, considering that up to now no 

studies of climate variability have been carried out in the Sila river sub-

basin, with its possible consequences due to the change of climatic 

categories, it becomes essential to generate information that serves as a 

foundation for the analysis and interpretation of climate change scenarios, 

for the decisions that can be made based on them. Therefore, the 

development of this study answers the following questions: 1) How have 

precipitation and temperature behaved in the analysis along 60 years? 2) 

Has this behaviour involved changes in average weather conditions? 3) 
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Do the climate change scenarios in the area reflect the current trend? 4) 

Is this current trend accentuated or softened in the future? 

For this purpose, literature related to the analysis of spatio-

temporal trends was reviewed, highlighting the non-parametric Mann-

Kendall method (Aawar, Khare, & Singh, 2019; Baig et al., 2022; Basarir 

et al., 2018; Krishnan, Prasanna, & Vijith, 2019; Marques et al., 2015; 

Nourani, Mehr, & Azad, 2018; Yanming, Jun, & Xinhua, 2011). Regarding 

the seasonal and transition/persistence analysis, Jiang, Xie, Zhao, He and 

He (2017); Ngoma, Wen, Ojara and Ayugi (2021), and Wang, Wang, Li, 

Wu and Yang (2015) point out that carrying out a climatic classification 

for two periods of time is the most concise way of observing the changes 

that have occurred between one stage and another. The Köppen climatic 

categorization modified by Geiger (hereinafter referred to as Köppen-

Geiger) is one of the best-known climate classifications worldwide 

because it categorizes climates based on factors such as temperature and 

precipitation, generating categories that range from tropical to polar 

climates. This provides a comprehensive framework for understanding the 

climatic patterns of diverse regions (De Oliveira et al., 2020; Engelbrecht 

& Engelbrecht, 2016; Naranjo, Glantz, Temirbekov, & Ramírez, 2018; 

Rahimi, Laux, & Khalili, 2020; Ruman, 2020; Zeroual, Assani, Meddi, & 

Alkama, 2019). 

Therefore, the objective of the research was to analyse the spatio-

temporal and seasonal trends of the monthly climatic variables of 

precipitation and temperature, between 1956 and 2015, in the Sila river 

sub-basin, in Mexico, and their association with changes in the Köppen-

Geiger climate classification, within the same period. Considering that the 

variables of temperature and precipitation directly affect the hydrological 
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cycle (Aparicio, 1992; Brassington, 1988; Brooks, Ffolliott, & Magner, 

2013; Campos, 1998; Campos, 2010; Chow, Maidment, & Mays, 1988; 

Davie, 2008; Heano, 2006; Linsley, Kohler, & Paulhus, 1958; McCuen, 

1998; Shaw, Beven, Chappell, & Lamb, 2011; Viessman & Lewis, 1995), 

it was decided to evaluate them to meet the research objective. 

The current investigation considered to analyse the data as spatio-

temporal series of temperature and precipitation, to apply them to a trend 

analysis that will be complemented with the climatic classifications. These 

aspects are detailed in the following section. 

 
 

Materials and methods 
 
 

The Sila river sub-basin is located north of the State of Mexico and 

northwest of Mexico City. It has an approximate area of 638.22 square 

kilometers (km2) and is located between the municipalities of Ixtlahuaca, 

Jocotitlán, Atlacomulco, Morelos and Jiquipilco (Figure 1), considered as 

indigenous peoples of the State of Mexico, according to the State Council 

for the Integral Development of Indigenous Peoples (CEDIPIEM, following 

the Spanish acronym) (CEDIPIEM, 2022). The main access roads to these 

municipalities are the Federal Highway 55D Atlacomulco-Toluca and the 

Jilotepec-Ixtlahuaca highway. 
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Figure 1. Location of the study area. Source: Own design based on data 

from the National Geostatistical Framework, INEGI (2020). 

 

In general terms, the climate in the Sila river sub-basin, according 

to the Köppen-Geiger classification, is temperate, with warm summers, 

summer rainfall, and dry winters. As for the predominant land use in this 

area, rainfed agriculture stands out (INEGI, 2022), followed by irrigated 
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agriculture; consequently, the primary use of surface water is directed 

toward agricultural activities. The population in the sub-basin has 

experienced an increase, growing from 88 720 inhabitants in 1990 to 158 

708 inhabitants in 2020 (INEGI, 2020). The indigenous population is 

concentrated in the central-southern part of the sub-basin, whereas 

dwellings without access to piped water are located on the slopes of the 

sub-basin, close to the dividing line. 

The main inputs for this research were daily data of precipitation 

and temperature (in millimeters and Celsius degrees, respectively), which 

were obtained from the Climate Computing project (CLICOM) of the 

National Meteorological Service (NMS). The stations inside and outside 

the Sila river sub-basin were considered, with data for the period 1956-

2015 (Table 1). The mean temperature was obtained by averaging the 

minimum temperature and the maximum temperature, following the 

recommendation of the OMM (2018). 

 
Table 1. Meteorological stations used for precipitation and temperature 

data. 

ID Latitude Longitude Years 

9020* 19.297 -99.182 1956-2015 

9022* 19.134 -99.173 1961-2015 

9029 19.477 -99.091 1956-2015 

9032* 19.191 -99.022 1956-2015 

9043 19.465 -99.079 1956-2015 

9048 19.404 -99.196 1956-2015 

11012 20.198 -100.363 1962-2015 
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ID Latitude Longitude Years 

11031 20.143 -100.519 1957-2015 

13018 20.229 -99.215 1956-2015 

13025 20.239 -99.184 1961-2012 

13060 20.265 -98.958 1956-2015 

13064 20.289 -99.411 1963-2015 

13068 19.936 -99.284 1956-2015 

13075 19.99 -99.332 1956-2015 

13084 19.964 -99.312 1956-2015 

13089 19.898 -99.337 1956-2013 

15008 19.544 -98.913 1961-2014 

15010 19.462 -99.776 1961-2015 

15020* 19.258 -98.896 1961-2015 

15024 19.886 -99.555 1956-2015 

15025 19.573 -99.665 1963-2015 

15028* 19.909 -99.126 1961-2015 

15037 19.559 -99.6 1962-2015 

15038 19.051 -99.532 1956-2015 

15041 19.562 -99.019 1961-2015 

15055* 19.784 -98.832 1964-2015 

15057 19.443 -99.464 1961-2015 

15059 19.478 -99.221 1961-2015 

15063 19.411 -99.699 1961-2015 

15064 20.12 -99.544 1961-2015 

15066 19.508 -100.098 1958-2015 
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ID Latitude Longitude Years 

15069* 20.219 -99.846 1961-2015 

15071 19.78 -99.686 1961-2015 

15073 19.623 -99.282 1961-2015 

15074 19.695 -99.302 1961-2015 

15076 19.663 -99.958 1961-2015 

15078 19.825 -99.791 1961-2015 

15083 19.532 -98.911 1961-2015 

15085 19.524 -99.741 1964-2015 

15086 19.476 -99.714 1961-2015 

15089 19.292 -99.768 1956-2015 

15108 19.306 -99.825 1962-2015 

15115 19.775 -99.167 1961-2015 

15122 19.107 -99.617 1959-2015 

15127* 19.466 -99.246 1961-2015 

15128 19.812 -100.081 1961-2015 

15170 19.485 -98.886 1956-2015 

15190 20.198 -99.956 1956-2015 

16061 19.816 -100.416 1956-2015 

16111 19.908 -100.319 1956-2015 

16124 20.051 -100.149 1956-2015 

17001 18.937 -98.928 1956-2014 

17047 19.058 -99.274 1961-2015 

*The station only had precipitation data. 
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It is important to mention that some of the stations had data from 

previous or subsequent years, but an effort was made to achieve a 

homogeneous distribution over the territory and with respect to the period 

of analysis. This reduced the number of stations to those that best 

matched a specific period, resulting in the period 1956-2015. It is also 

worth noting that, at the time of writing this document, the national 

database of the NMS was updated until the year 2020 

(https://smn.conagua.gob.mx/es/climatologia/informacion-

climatologica/informacion-estadistica-climatologica), but in practice, only 

some stations in the study area had complete data up to 2017.  

Considering the previous criteria, these stations were excluded. To 

ensure the representativeness of precipitation and temperature data, the 

following steps were taken in each meteorological station: first, outliers 

and missing data were removed. Subsequently, the data sufficiency 

criterion of the OMM (2018) was applied as follows: to consider a month, 

it should have at least 80 % of days with data available; to consider a 

year, it should have at least 80 % of months with data for that year; and 

to consider station data, it should have at least 80 % of the years within 

the 1956-2015 period. This criterion further reduced the number of 

available stations because some stations had data within the selected 

period, but the data were incomplete, leading to their exclusion. 

Subsequently, the point data of the stations were interpolated to 

generate monthly images of the continuous surface, using the ANUSplin 

software (Hutchinson & Xu, 2013), which interpolates using the thin-plate 

spline interpolation method that adjusts the smoothing parameters to the 

coordinates of longitude, latitude, and elevation of the geographic space. 

The interpolation uses Equation (1): 
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𝑧𝑧𝑖𝑖 = 𝑓𝑓(𝑥𝑥𝑖𝑖) + 𝑏𝑏𝑇𝑇𝑦𝑦𝑖𝑖 + 𝑒𝑒𝑖𝑖(𝑖𝑖 = 1, … ,𝑁𝑁) (1) 

 

Where: 

𝑥𝑥𝑖𝑖 = d-dimensional spline vector of independent variables 

𝑓𝑓 = unknown smoothing function of 𝑥𝑥𝑖𝑖 

𝑦𝑦𝑖𝑖 = p-dimensional vector of independent covariates 

𝑏𝑏𝑇𝑇 = unknown p-dimensional vector of coefficients of 𝑦𝑦𝑖𝑖 

𝑒𝑒𝑖𝑖 = zero mean error independent term 

To perform the interpolation, ANUSplin requires latitude, longitude, 

and elevation data for each station to be processed. The latitude and 

longitude were taken from the CLICOM database, while the elevation was 

obtained from the Digital Elevation Model (DEM), as recommended by 

Hutchinson and Xu (2013). The resolution chosen as the baseline was 

~30m, which is the one corresponding to the elevation numerical model 

obtained from the United States Geological Survey (USGS). 

The process of obtaining elevations was automated using Object 

Pascal programming language in Lazarus and spatial analysis processes 

in TerrSet. Additionally, the creation of the annual input files required by 

ANUSplin to process each climatic element (precipitation and 

temperature) was automated. Each file contains, for each station and 

year, an identifier, longitude, latitude, elevation, and data for the 12 

months of the year for interpolation. 

The results were 720 raster layers, for each of the climate elements 

for the period 1956-2015 (Figure 2), at a resolution of 30 meters. As a 
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result of the interpolation, annual weighted metrics Mean Error (ME), 

Mean Absolute Error (MAE), and Root Mean Square Error (RMS) were also 

obtained. These averaged values for the study period are presented in 

Table 2. The 2 880 raster layers obtained comprised the spatio-temporal 

series used in later stages, referring to a set of observations recorded at 

different times and locations, which provides a dataset that expresses 

spatial and temporal evolution. 

 

 

Figure 2. Data processing of precipitation (P) and temperature (T). 
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Table 2. Average of the annual metrics over the study period to assess 

the error in the interpolations. 

Element Criteria ME MAE RMS 

Precipitation (mm) 

Maximum -0.422 33.300 94.900 

Minimum -4.970 13.800 24.400 

Average -2.157 21.048 40.570 

Maximum temperature (°C) 

Maximum 0.372 2.240 3.440 

Minimum -0.525 1.030 1.310 

Average 0.013 1.548 2.209 

Mean temperature (°C) 

Maximum 0.117 1.540 2.320 

Minimum -0.309 0.831 1.120 

Average 0.005 1.149 1.571 

Minimum temperature (°C) 

Maximum 0.121 2.170 3.420 

Minimum -0.112 1.120 1.570 

Average 0.009 1.448 1.995 

 

First, the analysis of the spatio-temporal trend was conducted by 

applying the Mann-Kendall method (Ronald, 2016) to the seasonally 

adjusted series in the TerrSet software. Mann-Kendall allows identifying 

the presence of change trends and the degree to which they occur, which 

was used to show spatio-temporal trends of increases or decreases in 

precipitation and temperature: maximum, mean, and minimum (Equation 

(2)): 

 

𝑆𝑆 = ∑ ∑ 〖𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠�𝑥𝑥𝑗𝑗 − 𝑥𝑥𝑘𝑘〗�𝑗𝑗=𝑘𝑘+1
𝑛𝑛−1
𝑘𝑘=1  (2) 
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𝑥𝑥𝑗𝑗 = ordered data values 

𝑛𝑛 = length of the observations 

𝑆𝑆 = Mann-Kendall statistics 

The sign or signal of change of the statistical test is (Equation (3)): 

 

𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠�𝑥𝑥𝑗𝑗 − 𝑥𝑥𝑘𝑘� = �
+1 𝑖𝑖𝑖𝑖 𝑥𝑥𝑗𝑗 − 𝑥𝑥𝑘𝑘 > 0
0 𝑖𝑖𝑖𝑖 𝑥𝑥𝑗𝑗 − 𝑥𝑥𝑘𝑘 = 0
−1 𝑖𝑖𝑖𝑖 𝑥𝑥𝑗𝑗 − 𝑥𝑥𝑘𝑘 < 0

� (3) 

 

for 𝑛𝑛 ≥ 10, then the statistics 𝑆𝑆 has an approximately normal 

distribution, with mean zero (𝐸𝐸(𝑆𝑆) = 0) and variance as in the Equation 

(4): 

 

𝑉𝑉(𝑆𝑆) = 𝑛𝑛(𝑛𝑛−1)(2𝑛𝑛+5)−∑ 𝑡𝑡𝑘𝑘(𝑘𝑘)(𝑘𝑘−1)(2𝑘𝑘+5)𝑛𝑛𝑛𝑛
𝑘𝑘=1
18

 (4) 

 

𝑡𝑡𝑘𝑘 = number of links or duplicates in measure 𝑘𝑘.  

Equation (3) is used in case of tied values of time series. 

𝑛𝑛𝑛𝑛 = total number of links in the data set 

In case of having 𝑛𝑛 ≥ 10, the standardized test statistics for Mann-

Kendall can be calculated using Equation (5): 
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0 (𝑖𝑖𝑖𝑖 𝑆𝑆 = 0)
𝑆𝑆+1
�𝑣𝑣(𝑠𝑠)

(𝑖𝑖𝑖𝑖 𝑆𝑆 < 0)
⎭
⎪
⎬

⎪
⎫

 (5) 

 

The probability density function for a normal distribution with a 

mean of 0 and a standard deviation of 1 is expressed by Equation (6) 

(U.S. Army Corps of Engineers, 2005): 

 

𝑓𝑓(𝑧𝑧) = 1
√2𝜋𝜋

𝑒𝑒−
𝑧𝑧
2
2
 (6) 

 

For this research, a significance level of 95 % probability was used. 

To make the final categorization, U.S. Army Corps of Engineers' criterion 

(2005) was adopted, which indicates that a trend is decreasing if 𝑍𝑍 is 

negative and the calculated probability is greater than the significance 

level; whereas the trend is increasing when 𝑍𝑍 is positive and the calculated 

probability is greater than the significance level; finally, there is 

considered to be no trend when the calculated probability is less than the 

significance level. 

Subsequently, TerrSet's Earth Trend Modeler (ETM) (Ronald, 2016) 

was used to perform the seasonal analysis, to expose possible seasonal 

lags and variations in the monthly amounts of climatic elements. In this 

case, each 60-year monthly series was divided into two 30-year series 

each, to compare the interannual monthly behaviour of both series, with 

the purpose of identifying the beginning and early end of the rainy and 

warm seasons, as well as their start and/or late completion. Likewise, 
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increases or decreases in the monthly values of one period compared to 

the other were identified and quantified using the Nash-Sutcliffe 

coefficient (Diaz, Bâ, Quentin, Ortiz, & Gama, 2015) as shown in Equation 

(7). The value of this coefficient is 1 when the values of the two series 

are identical, and as the difference between these series increases, this 

coefficient decreases and can even become negative: 

 

𝑁𝑁𝑁𝑁𝑁𝑁ℎ =  1 − ∑ (𝑃𝑃1𝑖𝑖−𝑃𝑃2𝑖𝑖)2𝑛𝑛
𝑖𝑖=1
∑ (𝑃𝑃2𝑖𝑖−𝑃𝑃2����)2𝑛𝑛
𝑖𝑖=1

 (7) 

 

Where: 

𝑃𝑃1𝑖𝑖 = value of month 𝑖𝑖 in the first period 

𝑃𝑃2𝑖𝑖 = value of month 𝑖𝑖 in the second period 

𝑃𝑃2��� = average of the monthly values in the second period 

For the Köppen-Geiger analysis, the monthly precipitation and 

temperature values of the raster layers were averaged for each month, 

considering two periods, one from 1956 to 1985 and another from 1986 

to 2015, to represent the average condition of 30 years in each. For each 

of these periods, the Köppen-Geiger climatic classification was carried 

out. This classification was carried out in TerrSet, using the module 

developed by Colín (2021). Subsequently, the TerrSet module (LCM) was 

used to model changes in climatic categories, specifically through the 

cross-tabulation tool, to identify areas of the sub-basin with transitions 

and persistence in the climatic categories, between the periods analysed. 

With these results, it was possible to characterize the most significant 

transitions. 
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Results 
 
 

Spatio-temporal trends analysis 
 
 

To interpret the results of the Mann-Kendall analysis for precipitation and 

temperature of the seasonally adjusted series, it is important to take into 

consideration the thresholds and implications shown in Table 3 and Table 

4. 

 

Table 3. Values and implications of the Mann-Kendall trend analysis (𝑆𝑆). 

Values Implications 

−1 ≤ 𝑆𝑆 < 0 Trend towards decreasing values 

𝑆𝑆 = 0 Absence of trend. 

0 < 𝑆𝑆 ≤1 Trend towards increasing values. 

 

Table 4. Criterion used in TerrSet to categorize Mann-Kendall trends. 

Normalized 

test statistic Z 

Logical operator for 

overlay in TerrSet 

Probability (p) versus level 

of significance (0.95) 
Trend 

𝑍𝑍 < 0 AND 𝑝𝑝 ≥ 0.95 Decreasing 

𝑍𝑍 > 0 AND 𝑝𝑝 ≥ 0.95 Increasing 

𝑍𝑍 = 0 OR 𝑝𝑝 < 0.95 No trend 

Source: Self-prepared based on HydroGeoLogic-U.S. Army Corps of 

Engineers (2005). 
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It is worth mentioning that the analysis of spatio-temporal trends 

was carried out for the study area and the periphery, but the 

interpretation of the values of all the results refers only to the area within 

the sub-basin. 

For the specific case of precipitation, the trend values are between 

-0.014 and -0.089 (Figure 3). Although these numbers are negative, they 

remain close to zero, which does not imply a significant downward trend, 

indicating that the precipitation values have remained stable through the 

last 60 years of monthly records. Regarding the maximum temperature, 

the trend values are between 0.060 and -0.480 (Figure 4). The first is a 

value very close to 0, indicating that there is no tendency for maximum 

temperature to increase or decrease, while the second one shows a 

moderately significant decrease from the center to the northeast of the 

sub-basin. 
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Figure 3. Spatio-temporal trend analysis for monthly precipitation 

(1956-2015): 3a, Mann-Kendall (𝑆𝑆); 3b, probability; 3c, normalized test 

statistic (𝑍𝑍); 3d, trend (at 95 % level of significance). 
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Figure 4. Spatio-temporal trend analysis for monthly maximum 

temperature (1956-2015): 4a, Mann-Kendall (𝑆𝑆); 4b, probability; 4c, 

normalized test statistic (𝑍𝑍); 4d, trend (At 95 % level of significance). 

https://crossmark.crossref.org/dialog/?doi=10.24850/j-tyca-2025-01-03&amp;domain=pdf&amp;date_stamp=2025-01-01


 

 

 

 

 
 

 

 

2025, Instituto Mexicano de Tecnología del Agua. 
Open Access bajo la licencia CC BY-NC-SA 4.0 
(https://creativecommons.org/licenses/by-nc-sa/4.0/) 

108 

Tecnología y ciencias del agua, ISSN 2007-2422, 
16(1), 84-137. DOI: 10.24850/j-tyca-2025-01-03 

 

 

Regarding the mean temperature, the trend values are between -

0.033 and -0.436 (Figure 5). Although the first is a negative value that 

remains close to zero, the second one shows a moderately significant 

decreasing trend from the center to the northeast of the sub-basin (as 

happens with the maximum temperature trend values). Finally, and in the 

case of the minimum temperature, the trend values are between 0.019 

and -0.092 (Figure 6). Although one is positive and the other negative, 

both values are very close to zero, which indicates that there is no 

significant trend of increasing or decreasing the minimum temperature in 

the sub-basin. 
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Figure 5. Spatio-temporal trend analysis for monthly mean temperature 

(1956-2015): 5a, Mann-Kendall (𝑆𝑆); 5b, probability; 5c, normalized test 

statistic (𝑍𝑍); 5d, trend (at 95 % level of significance). 
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Figure 6. Spatio-temporal trend analysis for monthly minimum 

temperature (1956-2015): 6a, Mann-Kendall (𝑆𝑆); 6b, probability; 6c, 

normalized test statistic (𝑍𝑍); 6d, trend (at 95 % level of significance). 
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Therefore, although 𝑆𝑆 values were presented below and above zero 

in maximum, mean and minimum temperatures, these values do not 

represent a decrease or increase trend in temperature in the Sila river 

sub-basin, because they remain closer to zero than to -1 or 1, which 

indicates that they are not very significant or moderately significant in 

some areas. 

Taking into account categories in Table 4, it is evident that 

precipitation, minimum temperature and mean temperature do not 

express any trend in the sub-basin (Figure 3d, Figure 5d and Figure 6d), 

and only maximum temperature shows small zones with trends to 

decrease or increase, but it is mainly evident the lack of trend to change 

(Figure 4d). 

Considering the climatic elements analysed (precipitation and 

maximum, mean and minimum temperature) at a monthly level, within 

the period 1956-2015, it can be established that the sub-basin shows a 

condition of climatic stability. This statement is strengthened with the 

seasonality analysis and with the analysis of transition/persistence among 

climatic categories. 

 
 

Seasonal analysis of amplitude and frequency 
 
 

The main purpose of this analysis was to know the seasonal behaviour of 

the climatic elements analysed (precipitation, temperature maximum, 

mean and minimum) and their differentiation in terms of the beginning 

and end of both the rainy season and the warm season, as well as the 
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difference of the monthly values of precipitation and temperature that 

exist within the first period (1956-1985) and second period (1986-2015) 

of analysis. The results are shown in Figure 7. The first period is 

represented by a green line and the second period by a red line. In order 

to assess the overall behaviour between one period and another, Figure 

7 shows the Nash coefficient. In all cases, this coefficient indicates that 

the two series are very similar according to the criteria of Da Silva, Araujo 

and Fábio (2022), as the coefficients were above 0.9. 
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Figure 7. Seasonal analysis of amplitude and frequency (1956-2015): 

7a, monthly total precipitation; 7b, average of monthly maximum 

temperature; 7c, average of monthly mean temperature; 7d, average of 

monthly minimum temperature. 

 
Regarding the behaviour of monthly total precipitation, Figure 7a 

shows that the rainy season is kept between the months of May to 

October, that is, in both cases it is a summer rain regime. Regarding the 

amount of total precipitation in each month, the graph shows higher 

values in the first period 1956-1985, compared to the second period 
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1986-2015. The main difference is observed in the month of May, since, 

for the first period, the monthly total precipitation was 55 mm and for the 

second, 35 mm, showing a reduction of 20 mm between one period and 

another. The month of July was the rainiest month in both cases, with 

values of 153 mm and 144 mm for the first and second periods, 

respectively. Despite these differences, the analysis of the climatic 

categorization presented in the following section indicates that these 

changes in monthly precipitation values have not modified the type of 

climate present in the sub-basin. 

Regarding the average of the maximum temperature for each 

month (Figure 7b), two aspects stand out: the first is that there is a 

warmer season (March to June) and a less warm season (July to 

February). The second aspect is that, in the warmer season, the first 

period of analysis (1956-1985) was higher than the second (1986-2015), 

while in the less warm season, the opposite occurs. In the warmer season, 

the highest value occurs in the month of May in both periods, being 22.7 

°C in the first period and 22.3 °C in the second period. Regarding the less 

warm season, the highest value occurs in the month of August, being 19.4 

°C in the first period and 19.8 °C in the second period, showing a 

difference of 0.4 °C in both cases. 

About the average of mean temperature for each month (Figure 7c), 

in most months, the values of the first period (1956-1985) remained 

above the values of the second period (1985-2015), with May being the 

month with the highest temperatures, 14.6 °C for the first period and 

14.1 °C for the second period. It was also the month in which the greatest 

differentiation (0.5 °C) occurs between one period and another. 
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The last result of this section is the average of minimum 

temperature in each month. From the temporal point of view, the warm 

season begins later and ends earlier in the second period (Figure 7d), but 

in both cases, there is a maximum difference of six days. Comparing one 

period to another, most of the values were higher in the first period. 

Specifically, the most significant differences are shown from March to 

July. The greatest differentiation of values is shown in June and July, being 

in both cases 7.4 °C and decreasing 0.5 °C in the second period. 

Considering the periods 1956-1985 and 1986-2015, it can be 

observed that for the monthly averages of maximum temperature, a 

difference of 0.4 °C is noticeable between the warmest and least warm 

stations. Meanwhile, for the monthly averages of mean and minimum 

temperatures, the difference was 0.5 °C. Despite these differences 

expressed in temperature, between one period and another, the type of 

climate has not changed in the sub-basin, according to the analysis of 

climate categorization presented in the following section.  

For the second period of analysis (1986-2015), the values of total 

monthly precipitation were reduced in most of the annual period. The 

same happens with the average of the monthly mean and minimum 

temperatures. Regarding the average of the maximum temperature, the 

second period of analysis showed an increase from July to February (less 

warm season) and a reduction of values from March to June (warmer 

season). However, these indications of reduction and increase of values 

in the analysed climate elements are not evident, because they do not 

imply changes with respect to the type of climate present in the sub-

basin, as explained in the next section. 
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Climate category transition analysis 
 
 

The Köppen-Geiger climate classification was carried out to represent the 

average conditions of 30-year periods, the first one spanning from 1956 

to 1985, and the second from 1986 to 2015 (Figure 8, as well as in Table 

5). The results of the climatic classification for the first period (1956 to 

1985) show that, in general terms, there are two types of climates: 

temperate climate (C) and tundra climate (E). The first one varies from a 

warm temperate climate, with dry winters and hot summers (Cwb), which 

is the predominant one, followed by the warm temperate climate with dry 

winter, cool summer, and cold winter (Cwc), which is expressed in the 

foothills of Xocotépetl and Sierra de Monte Bajo. For the first period, the 

high mountain tundra climate (ET) is only present at the summit of 

Xocotépetl. 

 

https://crossmark.crossref.org/dialog/?doi=10.24850/j-tyca-2025-01-03&amp;domain=pdf&amp;date_stamp=2025-01-01


 

 

 

 

 
 

 

 

2025, Instituto Mexicano de Tecnología del Agua. 
Open Access bajo la licencia CC BY-NC-SA 4.0 
(https://creativecommons.org/licenses/by-nc-sa/4.0/) 

117 

Tecnología y ciencias del agua, ISSN 2007-2422, 
16(1), 84-137. DOI: 10.24850/j-tyca-2025-01-03 

 

 

Figure 8. Köppen-Geiger climatic classification: 8a, first analysis period 

from 1956 to 1985, and 8b, second analysis period from 1986 to 2015. 
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Table 5. Climates present in the Sila river sub-basin in the last 60 years 

(1956 to 2015), according to the Köppen-Geiger classification. 

Climate 

symbol 
Climate description 

Csb Warm temperate climate with dry summer, hot summer 

Csc Warm temperate climate with dry summer, cool summer, and cold 

winter 

Cwb Warm temperate climate with dry winter, hot summer 

Cwc Warm temperate climate with dry winter, cool summer, and cold 

winter 

E Tundra climate 

ET High mountain tundra climate 

 

The climatic classification of the second period (1986 to 2015) 

shows similar results to the first one. The two present climates are C and 

E. The predominant climate in the study area remained Cwb, and, 

according to the altitude of the zone, other varieties of the C climate were 

present, specifically warm temperate climates with dry summer and hot 

summer (Csb) in the lower foothills of the Sierra de San Bartolo Morelos, 

Sierra de Monte Bajo, and Xocotépetl, and the warm temperate climate 

with dry summer, cool summer, and cold winter (Csc) in the upper 

foothills of the same mountains. However, the Cwc climate disappeared 

for the second period, while the ET climate persisted and expanded a bit 

more in the highlands. 

From the quantitative point of view, and according to the Köppen-

Geiger climatic classification, 96.5 % of the total area of the sub-basin did 
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not present any type of change in climate categories between the first 

(1956-1985) and second period (1986- 2015), as illustrated in Figure 9a, 

so most of the sub-basin remains in a warm temperate climate, with dry 

winters and hot summers (Cwb). In the areas where there was a change, 

that is, the remaining 3.5 %, it mainly refers to a transition between 

varieties of climate C (Figure 9b). What in the first period was Cwb, it 

changed to Csb by 1.5 % and it also changed to Csc by 1.5 %, 

representing a total change of 3 %. The other 0.5 % is divided between 

a 0.3 % change from Cwc to Csc in the Sierra de Monte Bajo, and a 0.2 

% increase in ET in Xocotépetl. 
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Figure 9. Transition and persistence in the Köppen-Geiger climate 

classification between the periods 1956-1985 and 1986-2015; 9a, 

persistence and 9b, transitions. 

 

These changes in the varieties of climate C refer mainly to the 

rainfall regime (second letter), which changed from a rainfall regime with 
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a dry winter (w) to one with a dry summer (s), from the first to the second 

period respectively. Regarding the behaviour of temperatures in summer 

(third letter), changes are only observed on the slopes of the Sierra de 

Monte Bajo and in Xocotépetl, going from cool summer (c) to hot summer 

(b). However, since these changes remain within climate C and only occur 

in 3.5 % of the sub-basin, -because the rest of the area (96.5 %) remains 

within the same classification (Cwc)-, they do not refer to a significant 

change in weather. 

Therefore, considering the results of the Köppen-Geiger climate 

classification, warm temperate climates predominate around, both in the 

first and in the second period. In both cases, there is the presence of a 

tundra climate, without showing a significant change within the last 60 

years. 

The behaviour of absolute values can be observed in Figure 10, 

between the first period (1956-1985) and the second period (1986-2015), 

the tundra climate increased by 1.3 km², the Csb increased by 9.5 km², 

and the Csc increased by 11.7 km²; conversely, for the second period, 

the Cwc decreased by 3.6 km², and the Cwb decreased by 18.9 km². 
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Figure 10. Losses and gains in the sub-basin between the first (1956-

1985) and the second (1956-1985) period of analysis of the Köppen-

Geiger categories. 

 
 

Discussion 
 
 

Based on the results of the Mann-Kendall spatio-temporal trend analysis, 

it was possible to establish that, although there are variations in the 

increase and decrease in precipitation, maximum, mean and minimum 

temperature, these variations do not indicate a significant trend (Figure 

3, Figure 4, Figure 5 and Figure 6). The two climatic elements 

(precipitation and temperature) have remained constant within the Sila 

river sub-basin in the months of the period 1956-2015 (60 years). This 

statement is strengthened with the seasonal analysis of amplitude and 

frequency (Figure 7) and the analysis of transition/persistence between 

climatic categories (Figure 8, Figure 9, and Figure 10). 

The seasonal analysis of amplitude and frequency of precipitation 

and temperature (maximum, mean and minimum) for the two 30-year 
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periods (1956-1985 and 1986-2015) shows that both the rainy season 

(from May to October) and the warm season (from March to June) have 

not experienced changes and remain in the same months in both periods. 

Regarding the values of precipitation and maximum, mean and minimum 

temperatures, most of them were higher in the first period (1956-1985) 

compared to the second period (1986-2015); however, despite these 

differences, the current climate type in the sub-basin has not been 

modified according to the climate categorization analysis. 

The results of the Köppen-Geiger climate classification of the first 

period and second period (1956 to 1985 and 1986 to 2015) show that, in 

general terms, there are two types of climates (directly related to the 

relief of the sub-basin): the temperate climate (C) and tundra climate (E), 

without showing a significant change in these 60 years. The first is 

distributed in most of the sub-basin, both in valleys and on slopes, while 

the second only occurs on the tops of the mountains in the area. 

Specifically, the current climate in 96.5 % of the total area of the sub-

basin is temperate with dry winter and warm summer (Cwb); and in the 

area where changes in climate variables occur, the change primarily refers 

to the rainfall pattern (second letter), which shifted from a regime of 

rainfall with dry winter to one with a dry summer, from the first to the 

second period, respectively. Like what was obtained by Colín (2021) and 

reported by Karger et al. (2017), where they show that, in general, the 

entire area of the sub-basin, in the period 1981-2010, the climate is Cwb 

at a resolution of 1 km. 

However, some other studies carried out for the State of Mexico and 

the central zone of the country affirm that precipitation has decreased 

and could continue to decrease in the coming years because of the effects 
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of climate change. Such is the case of López et al. (2021), who mention 

that the average annual precipitation has decreased throughout the State 

of Mexico, as well as Núñez-González (2020), who carried out a trend 

analysis for the entire Mexican Republic, showing a reduction in the 

precipitations registered from 1960 to 2010 of northeast and central 

Mexico. However, these results have been obtained in a general way, both 

at the State level and at the country level, with annual data, and do not 

indicate whether this trend has had implications in the climate categories. 

On the other hand, Astudillo-Sánchez, Villanueva-Díaz, Endara-

Agramont, Nava-Bernal and Gómez-Albores (2017) report a reduction in 

summer precipitation and an increase in precipitation and winter 

temperature in some years from 1985 to 2012, dominated by warm 

conditions of El Niño. These results were obtained by analyzing the ring 

width of Pinus hartwegii that is in the forests of the Trans-Mexican 

Volcanic Axis, which shows a similar behaviour to that presented in the 

seasonal analysis of amplitude and frequency. In addition, these results 

could be closely related to the perception that the population has 

regarding the reduction in precipitation, especially attributed to the 

decrease in precipitation in May, a month that is related to the beginning 

of the rainy season (Bee, 2014). 

Finally, it is important to indicate that the models of different climate 

change scenarios for Mexico suggest a decrease in precipitation and an 

imminent increase in temperature in the next 80 years, for the north of 

the State of Mexico (INECC, 2022). However, it's important to consider 

that these projections are made at an approximate resolution of 900 

meters, which could lead to a generalization of global patterns in a local 

context. 
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Conclusions 
 
 

A spatial-temporal trend analysis, a seasonal analysis, and a Köppen-

Geiger climate category transition analysis were carried out in the Sila 

river sub-basin. The first was conducted for a 60-year period (1956-

2015), using the non-parametric Mann-Kendall method to identify spatial-

temporal trends of increases or decreases in precipitation and 

temperature (maximum, mean and minimum). The seasonal analysis of 

amplitude and frequency was performed for the same 60 years, divided 

into two 30-year periods (1956-1985 and 1986-2015), and was used to 

understand the behaviour and distribution in terms of the onset and end 

of rainy seasons, warmer and less warm seasons, as well as the difference 

in precipitation and temperature values within the first period (1956-

1985) compared to the second period (1986-2015) of analysis. Finally, 

for these same 30-year periods (1956-1985 and 1986-2015), the 

Köppen-Geiger climate classification was carried out to identify the types 

of climates present in the sub-basin, and a transition/persistence analysis 

was conducted to identify how the climate categories of the two analysed 

periods have been modified. 

The results served to address the research questions presented in 

the introduction. Therefore, according to the spatial-temporal trend 

analysis, the precipitation and minimum temperature values remained 

stable over the 60-year period of analysis. In terms of mean and 

maximum temperature, moderately significant values of decrease were 

obtained, ranging from the center to the northeast of the sub-basin. 

Regarding the amplitude and frequency analysis, it was shown that in 
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both the first and second analysis periods (each lasting 30 years), the 

rainy season persists from May to October. However, there was a 

maximum reduction of 20 mm in precipitation in the month of May, as 

well as a decrease of 9 mm in the wettest month (July), between the two 

periods. May emerged as the warmest month for both maximum and 

mean temperatures, but its value decreased by 0.4 and 0.5 °C, 

respectively, in the second period. June and July are the warmest months 

for minimum temperature, and their values also showed a reduction of 

0.5 °C from the first to the second period. It is worth noting that the 

second analysis period (1986-2015) witnessed an increase in maximum 

temperature values during the cooler season of the year (from July to 

February). 

Despite the results obtained in the analysis of spatio-temporal 

trends and in the seasonal analysis of amplitude and frequency, the 

results of the analysis of the Köppen-Geiger climate categorization 

indicate that neither the precipitation conditions nor the temperature 

conditions of the second period have modified the type of climate present 

in the sub-basin, concluding that the climate has remained constant in 

the Sila river sub-basin in the last 60 years. 

The results obtained were compared with the climate change 

scenarios, which indicate that the sub-basin will continue to have a 

temperate climate, with dry winters and hot summers (Cwb), under 

different climate change scenarios between 2000 and 2100 (Rubel & 

Kottek, 2010). Based on the aforementioned ideas, and using the 

available data between 1956 and 2015, we consider it probable that the 

behaviour of the analysed climatic elements (precipitation and 

temperature) remains relatively stable spatially and temporally in this 
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sub-basin. As long as the current conditions in the sub-basin do not 

change drastically, it is likely that its climate will continue to be influenced 

by natural climatic variability; however, one must always keep in mind 

the conditions of global climate change. 

The results obtained do not ensure the persistence of the current 

climate, which could be modified by the effects of human activity as 

indicated by the definition of climate change. Therefore, conservation 

actions are necessary to preserve the current and future state of the sub-

basin. Finally, the results of the Köppen-Geiger climate classification could 

be compared with the Köppen-García climate classification for both 

periods, as it is a specific method for the climatic characteristics of the 

Mexican Republic. The results of the Köppen-García climate classification 

could reinforce the results obtained in this research or generate new lines 

of research. It is also recommended to expand the study area at the basin 

or hydrological region level, to find out how the climate has behaved at 

the basin level and/or if this behaviour depends on the local 

characteristics of the area being analysed. 
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