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Abstract: The objective of this research was to analyze the temporal patterns of monthly and
annual precipitation at 36 weather stations of Aguascalientes, Mexico. The precipitation trend was
determined by the Mann–Kendall method and the rate of change with the Theil–Sen estimator.
In total, 468 time series were analyzed, 432 out of them were monthly, and 36 were annual.
Out of the total monthly precipitation time series, 42 series showed a statistically significant trend
(p ≤ 0.05), from which 8/34 showed a statistically significant negative/positive trend. The statistically
significant negative trends of monthly precipitation occurred in January, April, October, and December.
These trends denoted more significant irrigation water use, higher water extractions from the aquifers
in autumn–winter, more significant drought occurrence, low forest productivity, higher wildfire
risk, and greater frost risk. The statistically significant positive trends occurred in May, June, July,
August, and September; to a certain extent, these would contribute to the hydrology, agriculture,
and ecosystem but also could provoke problems due to water excess. In some months, the annual
precipitation variability and El Niño-Southern Oscillation (ENSO) were statistically correlated, so it
could be established that in Aguascalientes, this phenomenon is one of the causes of the yearly
precipitation variation. Out of the total annual precipitation time series, only nine series were
statistically significant positive; eight out of them originated by the augments of monthly precipitation.
Thirteen weather stations showed statistically significant trends in the total precipitation of the
growing season (May, June, July, August, and September); these stations are located in regions of
irrigated agriculture. The precipitation decrease in dry months can be mitigated using shorter cycle
varieties with lower water consumption, irrigation methods with high efficiency, and repairing
irrigation infrastructure. The precipitation increase in humid months can be used to store water
and use it during the dry season, and its adverse effects can be palliated with the use of varieties
resistant to root diseases and lodging. The results of this work will be beneficial in the management
of agriculture, hydrology, and water resources of Aguascalientes and in neighboring arid regions
affected by climate change.

Keywords: climate change; global warming; climate variability; weather stations; Mann–Kendall;
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1. Introduction

One of the main climatological challenges is to verify the presence of climate change and to
quantify its magnitude. It is believed that anthropogenic greenhouse gasses are the leading cause of
the warming that occurred in the second half of the 20th century [1], which has led to a climate change
characterized by altering meteorological variable patterns [2]. The Intergovernmental Panel on Climate
Change (IPCC) states that the global annual mean temperature increased around 0.65–1.06 ◦C during
1880–2012 [3]. Additionally, it is reported that during the 20th century, annual mean precipitation
increased between 7% and 12% in high and middle (30◦–85◦) latitudes of the northern hemisphere,
and just increased 2% in latitudes from 0◦ to 55◦ in the southern hemisphere [4]. Climate change affects
the world population, so it is vital to determine its characteristics and then generate decisive actions of
adaptation and mitigation.

Precipitation is the main path in which water enters the terrestrial surface and is the engine
that propels the dynamics of ecosystems. Precipitation is water deposition, either in a solid or liquid
form, and is precipitated from the atmosphere to the earth. For water droplets to get precipitated,
the atmosphere must contain enough moisture, which can come from soil evaporation and oceans;
with the help of wind, this moves by advection until the extent of saturating the air [5]. Due to
the causes that originate it, precipitation can exhibit a significant temporal and spatial variability;
this variability is responsible for hydrological problems, such as floods, droughts, landslides,
and erosion, among others [5]. Precipitation is a critical component of the rain–runoff relationships
and a factor that plays a fundamental role in agricultural production and desertification [6,7]. So,
precipitation studies are invaluable, since they can help predict problems that threaten the natural
resources and economic activities of a region.

The temporal precipitation trend is an indicator of climate change. At the global level, there is
a need to know the temporal pattern of precipitation and adopt it as evidence of climate change [8].
One of the more significant potential consequences of climate change is the alteration in the regional
hydrological cycle and changes in the river flow regimes (floods or low flows) [9]. The extreme surface
temperature leads to higher evaporation rates and permits the atmosphere to transport larger water
vapor quantities, which leads in turn to a more accelerated hydrological cycle [10]. According to [6],
for scientists who study the atmosphere, one of the most significant problems is the description and
analysis of precipitation variability. According to [8], the study of precipitation patterns is vital for
understanding its future behavior; any change in precipitation is linked to socioeconomic phenomena,
and changes in precipitation patterns represent most of the changes in the terrestrial atmospheric
system. The authors of [11] state that the identification of precipitation trends plays an essential role in
climate change adaptation and water resources management. In Trinidad, [12] analyzed trends in the
monthly, seasonal, and annual precipitation; they reported that out of six weather stations utilized,
just one showed a statistically significant trend in May, June, July, annual precipitation, dry season,
and humid season. The authors of [13] studied the trends, variability, and seasonality of the maximum
annual daily precipitation in the upper Vistula Basin, Poland. They found positive and significant
trends, so that precipitation increases are expected. They also commented that the maximum daily
precipitation occurred with a higher frequency between May and September and that in these months,
88% of the days with the highest daily precipitation occur. In the same way, Gemmer et al. [14]
analyzed the monthly precipitation trends at 160 weather stations in China. They found that the
number, spatial distribution, and sign of trends showed significant variability from one month to
another, and also highlighted that the precipitation trend analysis and its mapping is beneficial work
for understanding precipitation variation in that country. Similarly, Gedefaw et al. [15] investigated
the annual and seasonal variability of the precipitation trend at five weather stations of Amhara
Regional State, Ethiopia. They informed that annual precipitation increased in three locations and
decreased in two, and that monthly precipitation increased in May, June, July, August, and September,
and decreased in the rest of the months. Likewise, in a study of trend analysis and precipitation
variation at nine weather stations of the Tafna Basin (Northwestern Algeria), Bougara et al. [16] found



Atmosphere 2020, 11, 437 3 of 24

an increase in the monthly, seasonal, and annual precipitation. They commented that the said trend can
lead to an increase in streamflow, and increase the potential risk of floods downstream. Additionally,
Khaniya et al. [17] carried out an analysis of the temporal trend of precipitation from the perspective
of water availability and under scenarios of climate variability in the Uma Oya Basin, Sri Lanka.
They reported an absence of negative trends on seasonal precipitation but observed positive seasonal
trends in three out of five weather stations. Positive trends helped to conclude that no water crisis
is coming; on the contrary, the exceeding runoff produced by the precipitation increase could be
transferred to other cities where water is scarce. In the same way, in a study of precipitation trends
in Turkish, Partal and Kahya [18] found a significant decrease in annual precipitation in the western
and southern as well as along with the Black Sea coast. On the other hand, Sayemuzzaman and
Jha [19], in an analysis of the time series of the annual and seasonal precipitation at 249 weather
stations in the North Carolina, United States, reported a positive trend of winter precipitation and
negative trend on autumn precipitation. They also obtained a significant increase/decrease in spring
and summer precipitation. Alike, Tabari and Talaee [20] studied the temporal variability of the annual
and seasonal precipitation at 41 weather stations of Iran. They found a negative and significant trend
of annual precipitation at seven weather stations. On a national scale, spring and winter precipitation
were predominantly negative. Additionally, Zhao et al. [21] analyzed the precipitation characteristics
at seven synoptic weather stations of Semi-Arid Loess Plateau, China. They discovered intense
fluctuations in monthly precipitation, and commented that just two weather stations showed a negative
and significant trend in April and November, while only one weather station had a positive trend
in winter and a negative trend in spring and just two stations showed a negative trend in annual
precipitation. In Calabria, Italia, Caloiero et al. [22] studied monthly precipitation trends at 129 sites;
they obtained a variable pattern of trends and attributed it to orography and the position in the center
of the Mediterranean watershed. In East Africa, Gebrechorkos et al. [23] analyzed seasonal and annual
precipitation trends; at a seasonal scale, there was no statistically significant trend in neither East nor
West Ethiopia and Kenya. However, there was a statistically significant and negative trend in large
parts of Tanzania during the large rainfall season; in connection with the annual trend, there were a
few statistically significant trends. On the other hand, Gentilucci et al. [24] studied the precipitation
trend in Middle Adriatic Side, Marche region, Italia; they used it as a starting point in studying climate
dynamics, and as a tool for land-use planning. The authors of [25] evaluated monthly precipitation
trends in the Mediterranean fringe of the Iberian Peninsula; except for March, all months did not show
a homogenous behavior of trends. In the same way, Jones et al. [26] analyzed precipitation trends in
four regions and three different seasons in the Caribbean; they did not find statistically significant
trends in time series up to a century long. The temporal pattern of precipitation can be determined
with the help of statistical trends.

The hydro-agricultural sector of Aguascalientes, Mexico would benefit significantly with a study of
precipitation trends. Given the geographical and topographical configuration of the Mexican Republic,
the spatio-temporal pattern of rain through the territory presents significant discrepancies. In Mexico,
despite the erratic or excessive character that precipitation shows in some regions, works focused on the
trend analysis of this meteorological variable are scarce. For this country, some studies on precipitation
have to do with convection and interannual variability, climate change projections with regional
climatic models, intensity, and extreme indices; however, these have been carried out for specific
regions of the country [27–30]. In Mexico, precipitation trend analysis has received limited attention,
even though most of the agriculture is under rainfed conditions, and is the primary economic activity
of the rural population. Moreover, Aguascalientes is a purely farming state with 125,246 hectares for
agricultural production, from which, 90,000 are cultivated under rainfed agriculture and 35,246 are
under irrigation [31]. For this state, in 1988, Lemus and Gay [32] had already reported an increase
in the annual average temperature around 0.4 ◦C during the period 1978–1985 relative to the period
1921–1985. They also reported an increase of the aridity index and a decline of the net primary
productivity (biomass, gr/m2 year) and classified these lands as arid lands with an aridity index that
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oscillated between 3 and 6. In the west of the state, they observed a decrease in the forest area and an
invasion of shrub vegetation. They also reported an increase on the surface covered by bush in the
northeast, southeast, and west. According to Ruiz-Alvarez et al. [33], this state already faces increases
of the monthly minimum temperature of between 0.09 and 1.19 ◦C decade−1, and of the monthly
maximum temperature of between 0.18 and 1.59 ◦C decade−1. Additionally, reports exist that this
state shows statistically significant increases on monthly evaporation up to 26.90 mm/month/year
in March [34]. For this reason, studies that focus on the understanding of precipitation patterns
would generate results of great value, mainly in this region where there are overexploited aquifers.
For Aguascalientes, an analysis of precipitation trends would fill a gap of missing information, which is
necessary for generating adaptation and mitigation actions to climate change.

The objective of this research therefore was to analyze the temporal pattern of monthly and
annual precipitation in 36 weather stations of Aguascalientes state for the period 1980–2017. This study
will generate vital information to adapt agricultural production and natural resources to current
circumstances of climate change. In this way, we will help preserve the water resources of this region.

2. Materials and Methods

2.1. Area of Study

Aguascalientes state is located in the central high plains of the Mexican republic, in the region
known as the north-central part of Mexico. It is between 21◦38′ and 22◦27′ north latitude, and 101◦53′

and 102◦52′ west latitude (Figure 1a). It encompasses an area of 5617.8 km2 and adjoins Zacatecas
in the north, northeast, and west; and Jalisco state in the south and east (Figure 1a) [35]. The total
average annual precipitation is around 516.8 mm, and the total average annual evaporation oscillates
around 1959 mm. In the state, three types of climates exist, such as semi-dry temperate, semi-dry warm,
and temperate sub-humid with rains in summer, in which the mean temperature is around 17.1, 20.1,
and 14.5 ◦C, respectively [35]. In Aguascalientes, between 2010 and 2017, the population increased
from 1,184,996 to 1,321,453 [36,37]. The main economic activities of the state are agriculture, mining,
service industry (electricity, urban water supply, and gas), construction, manufacture, and different
businesses [37].

2.2. Meteorological Data

In the analysis of time series with a climate change approach, meteorological information plays
a vital role. Records (period 1980–2017) of monthly precipitation coming from 36 weather stations
belonging to Servicio Meteorologico Nacional (SMN) of Comision Nacional del Agua (CNA) were
utilized (Table 1). These stations are well distributed over the state (Figure 1b) so that their records
are pretty representative of the whole study area. The databases had already been subjected to a
quality control and quality analysis by the staff of SMN. This analysis consisted of deleting outliers
for a specific month and each weather station. Outliers were those monthly observations that were
out of an interval (lower and upper limit), and they were deleted. This interval was defined by two
allowable thresholds (maximum and minimum) (Adolfo Portocarrero Resendiz, Servicio Meteorologico
Nacional, personal communication). In total, 468 time series were analyzed, 432 of these were
monthly (12 months × 36 weather stations), and 36 were annual. It is possible to analyze the trends of
meteorological variables when a broad temporal sample is available, and this is representative of the
whole study area.
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Table 1. Characteristics of the 36 weather stations used in the study.

ID Weather Station Latitude (N) Longitude (W) Elevation (m) Duration of Data

1004 Cañada Honda 22◦00′03′′ 102◦11′56′′ 1925 1980–2017
1005 Presa El Niagara 21◦46′50′′ 102◦22′18′′ 1844 1980–2017
1008 Puerto de La Concepcion 22◦12′10′′ 102◦08′06′′ 2322.8 1980–2017
1010 La Tinaja 22◦09′52′′ 102◦33′15′′ 2525.7 1980–2017
1011 Malpaso 21◦51′36′′ 102◦39′50′′ 1730.2 1980–2017
1012 Presa Media Luna 21◦47′40′′ 102◦48′06′′ 1588.7 1980–2017
1013 Mesillas 22◦18′48′′ 102◦09′57′′ 2020.5 1980–2017
1015 Palo Alto 21◦54′59′′ 101◦58′10′′ 2037.5 1980–2017
1017 Presa Potrerillos 22◦13′58′′ 102◦26′37′′ 2171.9 1980–2017
1018 Presa Plutarco Elias Calles 22◦08′29′′ 102◦24′55′′ 2053.1 1980–2017
1019 Presa Jocoque 22◦07′41′′ 102◦21′34′′ 2006.2 1980–2017
1020 Presa La Codorniz 21◦59′48′′ 102◦40′27′′ 1850.2 1980–2017
1021 Rancho Viejo 22◦07′24′′ 102◦30′40′′ 2126.6 1980–2017
1022 San Bartolo 21◦44′53′′ 102◦10′13′′ 1997.6 1980–2017
1023 Calvillo 21◦50′12′′ 102◦42′42′′ 1684.6 1980–2017
1024 San Isidro 21◦46′43′′ 102◦06′14′′ 2004.4 1980–2017
1026 Tepezala 22◦13′25′′ 102◦10′08′′ 2110.2 1980–2017
1027 Venadero 21◦52′38′′ 102◦27′48′′ 2025.6 1980–2017
1028 Villa Juarez 22◦06′03′′ 102◦04′04′′ 1999.3 1980–2017
1030 Aguascalientes 21◦53′44′′ 102◦18′31′′ 1888.7 1980–2017
1031 El Novillo 22◦01′08′′ 101◦59′57′′ 2042.6 1980–2017
1032 Las Fraguas 22◦02′21′′ 101◦53′33′′ 2086 1980–2017
1033 Los Conos 21◦53′52′′ 101◦59′33′′ 2025.9 1980–2017
1034 Sandovales 21◦53′06′′ 102◦06′33′′ 2007 1980–2017
1045 El Tule 22◦04′59′′ 102◦05′28′′ 1981.7 1980–2017
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Table 1. Cont.

ID Weather Station Latitude (N) Longitude (W) Elevation (m) Duration of Data

1062 Arellano 21◦48′07′′ 102◦16′23′′ 1910.7 1980–2017
1073 La Tinaja 21◦48′34′′ 102◦07′47′′ 2027.1 1980–2017
1074 Cieneguilla 21◦43′52′′ 102◦27′10′′ 1838.8 1980–2017
1075 Montoro 21◦45′26′′ 102◦18′08′′ 1870.5 1980–2017
1076 Los Negritos 21◦52′14′′ 102◦20′57′′ 1887.1 1980–2017
1077 El Ocote 21◦46′58′′ 102◦31′03′′ 2044.6 1980–2017
1078 El Ocote 21◦53′25′′ 102◦49′57′′ 2328.9 1980–2017
1079 Peñuelas 21◦43′33′′ 102◦16′20′′ 1900.3 1980–2017
1080 Presa Canutillo 21◦50′15′′ 102◦31′20′′ 1949.7 1980–2017
1081 Rancho Seco 22◦05′18′′ 101◦58′02′′ 2067.2 1980–2017
1082 Rincon de Romos 22◦13′52′′ 102◦18′55′′ 1965.3 1980–2017

2.3. Statistical Analysis

To make inferences on the trends of the time series, robust methods of analysis are required.
The monthly precipitation was organized in boxplots for determining the behavior of sample
precipitation. For this, outliers of monthly precipitation were defined with 4STD as recommended by
the World Meteorological Organization [38]. The time series trends of monthly and annual precipitation
were determined with the non-parametric Mann–Kendall test [39,40]. The reject criteria of the null
hypothesis (Ho: there is no trend in the time series) was based on a critical value of alpha equal to 0.05.
This method has demonstrated excellent robustness in a great variety of studies of hydrometeorological
time series trends. Its main advantages lay in the test results, which are not affected when missing
observations exist through the time series, and it does not require observations to follow a specific
distribution function; and it is not affected by outliers either with magnitudes with a value of
zero [8,41–43]. The first requirement before analyzing trends is to verify whether observations of the
time series are correlated or are independent. According to Bayazit and Önöz [44], the presence of
correlation or serial autocorrelation in observations of a time series increase the risk of making type I
error, which is rejecting the null hypothesis when there no temporal trend exists. The Mann–Kendall
non-parametric technique is particularly sensitive to database autocorrelation and can lead to erroneous
conclusions if autocorrelation is not explored. Before running the Mann–Kendall test, we carried
out an exploratory analysis of databases to identify the statistical dependency/independence of the
observations. The analysis consisted of that for each time series, autocorrelation function (ACF) graphs
were constructed, and we could verify that the observations from each time series were statistically
independent (p ≤ 0.05) in 100% of the time series. Once the existing trend was determined, the annual
magnitude of the rate of change was calculated with the help of the Theil–Sen non-parametric
estimator [45,46]. Some of the main characteristics of the non-parametric Theil–Sen method are that it
is not affected by errors on observations or by outliers, and it can be used when there are missing data
through the time series. It is based on the median slopes, which is supported by a two-tailed confidence
interval that helps to obtain the actual slope [46]. It is considered more precise than simple linear
regression (least squares) for skewed and heteroskedastic data. It competes well with the least squares
method in samples distributed normally in terms of its statistical power [47]. A full explanation of this
methodology and examples of its use are available in [41]. In synthesis, it is possible to analyze trends
in meteorological time series with the use of non-parametric techniques.

3. Results and Discussion

The objective of this study was to analyze the temporal trends of the monthly and annual
precipitation observed at 36 weather stations that cover the study area representatively; the period we
chose was 1980–2017. In this section, the main findings are presented and discussed, and particular
emphasis is put on those trends that were statistically significant (p ≤ 0.05).
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3.1. Distribution of Data

In Aguascalientes, throughout the year, the precipitation shows significant oscillations.
Boxplots show the variability of the monthly precipitation recorded at the 36 weather stations
during the period of study (Figure 2). It is observed that the rainier months are June, July, August,
and September, while the ones with lower precipitation are October, November, December, January,
February, March, April, and May. At the same time, the months with more considerable rain variability
are the ones that belong to the rainy season (June, July, August, and September). In contrast, the ones
with less variability are the dry ones, from November to May. The months with more outliers were
December through to May, while October was the month with fewer outliers; the rainy season from June
to September did not show abnormal observations of precipitation. The more considerable variability
in the observations of database was within the rainy season.

  

 

 
Figure 2. Boxplots for monthly precipitation in 36 weather stations of Aguascalientes. 
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Figure 2. Boxplots for monthly precipitation in 36 weather stations of Aguascalientes.

3.2. Observed Trends

Out of all the time series studied, just a small proportion showed a statistically significant trend.
Out of the total (468) time series utilized in the study, only 51 (10.90%) showed a statistically significant
trend (p ≤ 0.05) (Table 2). Most of the time series did not indicate any statistically significant change in
precipitation in Aguascalientes.

3.2.1. Monthly Trends

Only a small proportion of monthly time series showed a statistically significant trend. Out of
the total (432) time series of monthly precipitation analyzed, just 42 (9.72%) showed a statistically
significant trend (p ≤ 0.05). Except for February, March, and November, all months showed at least one
station with a statistically significant trend (p ≤ 0.05) (Table 2). On the other hand, out of the total of
42 time series of monthly precipitation with a statistically significant trend (p ≤ 0.05), 34 were positive,
and just 8 were negative (Table 2). The months with a smaller number of statistically significant trends
were January, May, July, and December, each one with one statistically significant trend, whereas the
month with the highest number of statistically significant trends was September, which showed 22
(Table 2). In summary, the months less sensitive to changes in precipitation were February, March,
and November.

Statistically Significant Negative Trends

In Aguascalientes, four months showed a precipitation decrease. January had a statistically
significant trend, which was negative and occurred at Canada Honda weather station, pretty close to
the center of the state (Figure 3); its magnitude was −0.254 mm year−1 (Table 2). Other researchers
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have carried out works on monthly precipitation trends for other regions of the northern hemisphere.
For norwest Iran, [8] reported magnitudes between −0.600 and −0.200 mm year−1, which encompasses
the trends we found in this research. On the other hand, the authors of [13,22], for five regions
of Italy, reported ranks of trends from −1.480 to −0.690 mm year−1, which was different to the
trend we found in this work. Similarly, Kamau-Muthoni et al. [48] in eastern and southern Africa,
found statistically significant negative trends that varied from −1.800 to −0.900 mm year−1. At Canada
Honda, the precipitation decrease in January can have adverse effects on irrigated agriculture,
and water volumes required for irrigation can increase for crops, such as alfalfa, cabbage, wheat, oats,
and triticale; thus, groundwater extractions would increase. Evidence of a precipitation decrease that
also participates in the risk increase of fires exists [49]. On the other hand, April had a statistically
significant negative trend at stations Aguascalientes and Presa El Niagara, close to the center and south
state (Figure 3); their magnitudes were −0.022 and −0.018 mm year−1, respectively (Table 2). For this
month, other researchers have reported relatively variable results. The authors of [8] reported trends
from−1.800 to−0.200 mm year−1. Additionally, Kamau-Muthoni et al. [48] found statistically significant
negative trends that oscillated between −3.6 and −0.01 mm year−1. Similarly, the authors of [25]
found that for this month, 20.5% of the time series were statistically significantly negative; however,
their investigation did not report any magnitude. In the area of influence of Aguascalientes and Presa
El Niagara weather stations, in April, a negative trend of precipitation could increase the aridity index
when combined with the evaporation increase [34]. This can increase the natural vegetation dormancy
and aggravate the problem of low forest productivity [50]. This can also increase the volume of irrigation
required in the early sowing of corn. Similarly, October showed a statistically significant negative trend
at Palo Alto (east), San Isidro (southeast), La Tinaja II (southeast), and El Ocote I (south–southwest)
weather stations (Figure 3). Magnitudes of these trends oscillated between−1.269 and−0.638 mm year−1

at El Ocote I and San Isidro, respectively (Table 2). For this month, the magnitudes reported by other
authors for other parts of the northern hemisphere are somewhat different. The authors of [51]
found negative trends that varied from −1.680 to −1.590 mm year−1. Similarly, Asakereh [8] reported
statistically significant negative trends between −0.600 and −0.200 mm year−1. The authors of [13,22]
found statistically significant negative trends that varied from 2.860 to −1.520 mm year−1. The October
precipitation decrease causes a decrease of effective precipitation (Pe), which is useful in the irrigation
scheduling of autumn–winter crops (garlic, oats, and wheat); as Pe decreases, irrigation requirements
increase. The decrease of precipitation can contribute to the increase in groundwater extraction and
the depletion of aquifers of the region. Figure 4a presents an example of a precipitation time series
for October at Palo Alto weather station, where there was a statistically significant negative trend of
−1.139 mm year−1. In the same way, December had a statistically significant negative trend at El Ocote
I (south–southeast) weather station (Figure 3), which had a magnitude of −0.030 mm year−1 (Table 2).
For this month, [8] reported a negative trend of −0.200 year−1, which predominated in the greatest part
of the study area. Some other authors, for this month, have reported a decrease to 19.7% of precipitation
during the period 1887–1996 [52]. At El Ocote I weather station, the precipitation decrease implies less
natural moisture availability for crops and vegetation, and it would therefore be necessary to pump
more groundwater for agriculture, generating a direct impact on the aquifers of the state. In regions
where, by nature, it is difficult to have access to water, the negative trend of precipitation increases
the cost of this resource [53], and also generates severe droughts [54]. In Aguascalientes, under a
condition of a decrease of precipitation in dry months, it is suggested that irrigation water should be
managed more efficiently. Irrigation systems with high conveyance and supply efficiency, such as
drip irrigation, must be used. Additionally, programs and projects for repairing and maintaining
irrigation infrastructure should be designed and implemented as this will help avoid great water
volumes being lost by leaks through pipelines. Another alternative that would help use less water is
the use of crop varieties with high water-use efficiency and a shorter growing cycle. Figure 4b shows
an example of the time series of precipitation for December at El Ocote I weather station, where there
was a statistically significant negative trend of −0.030 mm year−1. In summary, in Aguascalientes,
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the negative trend of precipitation in these three months could bring with it severe agricultural and
environmental consequences.

  

the period covering the spring–summer growing cycle. In Table 2, the magnitude of the decadal and 
monthly precipitation trend of Aguascalientes is shown. Additionally, it can be observed that weather 
stations had statistically significant and negative trends as well as a summary of these. In summary, in 
Aguascalientes, some months are getting drier, and the spring–summer growing cycle is maintained 
without precipitation decreases. 
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Figure 4. Examples of the time series at Palo Alto (p ≤ 0.05) (a) and El Ocote I (p ≤ 0.05) (b) weather stations. 

 

Figure 4. Examples of the time series at Palo Alto (p ≤ 0.05) (a) and El Ocote I (p ≤ 0.05)
(b) weather stations.

In Aguascalientes, some cold months get drier, and the spring–summer growing cycle does
not show any feature of a precipitation decrease. In total, during October–April, there were eight
statistically significant negative trends, at sites with these trends, and since the point of view of
atmospheric moisture, some cold months are getting even drier. The authors of [55] commented that
when a cold environment gets drier, it increases the probability of agricultural frost occurrence; this is
because in the air there are no water particles with a calorific capacity that absorb radiation emitted
from the soil, so this radiation is lost rapidly to the upper layers of the atmosphere. On the other hand,
there were no statistically significant negative trends of precipitation in February and March, since
in these months, usually, there is no notable precipitation. Additionally, there were no statistically
significant negative trends during May–September, the period covering the spring–summer growing
cycle. In Table 2, the magnitude of the decadal and monthly precipitation trend of Aguascalientes is
shown. Additionally, it can be observed that weather stations had statistically significant and negative
trends as well as a summary of these. In summary, in Aguascalientes, some months are getting drier,
and the spring–summer growing cycle is maintained without precipitation decreases.
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Table 2. Trend of monthly and annual precipitation in Aguascalientes Mexico.

ID Station Name J F M A M J J A S O N D Annual

1004 Cañada Honda −0.254 * 0.000 0.000 −0.018 0.014 1.059 0.808 0.143 0.957 −0.064 0.000 0.000 2.188
1005 Presa El Niagara 0.000 0.000 0.000 −0.018 * 0.038 1.362 * 0.885 0.500 1.835 * 0.064 0.000 0.000 5.100 *
1008 Puerto de La Concepcion −0.160 0.000 0.000 0.000 0.017 0.945 −1.450 −0.630 1.539 −1.033 0.000 0.000 −2.565
1010 La Tinaja 0.000 0.000 0.000 0.000 −0.222 0.941 0.375 1.750 * 1.583 * −0.268 −0.107 0.000 3.938
1011 Malpaso 0.000 0.000 0.000 0.000 −0.050 −0.168 0.477 0.043 0.964 −0.364 0.000 0.000 0.479
1012 Presa Media Luna −0.060 0.000 0.000 0.000 −0.180 0.038 1.041 1.037 1.026 −0.297 0.000 0.000 4.118 *
1013 Mesillas 0.000 0.000 0.000 0.000 0.000 0.586 0.833 0.315 1.633 * −0.169 0.000 0.000 2.868
1015 Palo Alto −0.074 0.000 0.000 −0.085 0.352 2.050 * 0.636 0.556 1.722 * −1.139 * 0.000 0.000 4.425 *
1017 Presa Potrerillos −0.088 0.000 0.000 0.000 −0.073 0.158 0.484 0.866 1.607 * −0.190 0.000 −0.080 2.859
1018 Presa Plutarco Elias Calles 0.000 0.000 0.000 0.000 −0.395 0.086 0.133 0.972 * 1.662 * −0.233 0.000 0.000 1.307
1019 Presa Jocoque 0.000 0.000 0.000 0.000 −0.267 0.289 0.345 0.537 1.983 * −0.225 0.000 0.000 2.336
1020 Presa La Codorniz −0.073 0.000 0.000 −0.012 −0.074 0.461 1.321 0.988 1.013 −0.351 −0.080 −0.030 2.755
1021 Rancho Viejo 0.000 0.000 0.000 0.000 −0.221 1.000 1.833 1.190 1.679 * −0.250 0.000 0.000 5.100 *
1022 San Bartolo 0.000 0.000 0.000 0.000 −0.057 1.386 1.083 0.750 1.233 −0.167 0.000 0.000 4.421
1023 Calvillo −0.029 0.000 0.000 0.000 −0.083 0.129 0.200 0.237 0.829 −0.245 −0.071 0.000 0.795
1024 San Isidro −0.068 0.000 0.000 0.000 −0.140 0.350 1.286 −0.242 0.817 −0.638 * 0.000 0.000 0.186
1026 Tepezala 0.000 0.000 0.000 0.000 −0.167 0.850 −0.096 0.293 1.750 * −0.438 0.000 0.000 0.953
1027 Venadero 0.000 0.000 0.000 0.000 −0.100 0.672 1.065 −0.318 0.871 −0.190 0.000 0.000 1.415
1028 Villa Juarez 0.000 0.000 0.000 −0.020 −0.039 0.607 1.129 0.508 1.956 * −0.563 0.000 0.000 2.074
1030 Aguascalientes 0.000 0.000 0.000 −0.022 * −0.110 0.780 1.622 0.094 1.647 * −0.395 0.000 0.000 3.100
1031 El Novillo −0.200 0.000 0.000 −0.058 0.096 0.332 0.041 −0.905 1.914 * −0.756 0.000 0.000 0.280
1032 Las Fraguas −0.063 0.000 0.000 0.000 0.000 0.228 0.500 0.273 1.250 * −0.500 0.000 0.000 1.182
1033 Los Conos −0.071 0.000 0.000 0.000 0.262 1.550 * 1.090 0.700 1.648 * −0.765 0.000 0.000 5.358 *
1034 Sandovales 0.000 0.000 0.000 0.000 0.050 1.845 * 0.712 0.846 1.473* −0.233 0.000 0.000 5.326 *
1045 El Tule 0.000 0.000 0.000 0.000 0.000 0.875 0.833 0.848 2.195* −0.595 0.000 0.000 3.322
1062 Arellano 0.000 0.000 0.000 0.000 0.000 1.582 −0.156 −0.154 0.600 0.042 0.000 0.000 2.354
1073 La Tinaja −0.059 0.000 0.000 −0.089 0.000 0.650 0.846 0.140 1.542 −0.786 * −0.053 −0.003 1.550
1074 Cieneguilla 0.000 0.000 0.000 0.000 −0.056 0.067 −0.563 −0.700 0.765 −0.111 0.000 0.000 −1.710
1075 Montoro 0.000 0.000 0.000 0.000 0.000 0.842 −0.161 −0.144 1.438 * −0.422 0.000 0.000 1.217
1076 Los Negritos 0.000 0.000 0.000 −0.031 −0.163 1.309 1.657 0.839 2.077 * −0.095 0.000 0.000 5.063 *
1077 El Ocote 0.000 0.000 0.000 0.000 0.000 1.920 * 0.700 −0.256 0.121 −1.269 * 0.000 −0.030 * −0.883
1078 El Ocote 0.000 0.000 0.000 0.000 −0.106 0.150 0.194 0.326 0.650 0.062 0.000 0.000 0.491
1079 Peñuelas 0.000 0.000 0.000 0.000 0.165 1.300 1.522 0.669 1.395 * 0.000 0.000 −0.130 5.900 *
1080 Presa Canutillo 0.000 0.000 0.000 0.000 −0.250 0.756 1.263 −0.200 1.588 * −0.429 0.000 0.000 3.143
1081 Rancho Seco 0.000 0.000 0.000 0.000 0.349 * 2.555 * 2.418 * 1.334 * 2.072 * 0.000 0.000 0.000 10.055 *
1082 Rincon de Romos 0.000 0.000 0.000 0.000 −0.136 0.063 0.750 1.667 * 1.455 * −0.400 0.000 0.000 1.840

Summary
Stadistically significant positive 0 0 0 0 1 6 1 4 22 0 0 0 9
Stadistically significant negative 1 0 0 2 0 0 0 0 0 4 0 1 0

* Statistically significant at the 95% level (p ≤ 0.05).
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Statistically Significant Positive Trends

In Aguascalientes, statistically significant positive trends of precipitation occur only in rainy
months. May showed a statistically significant positive trend only at Rancho Seco weather station in
the east (Figure 3), whose magnitude was 0.349 mm year−1 (Table 2). For this month, the magnitude
found in this study was pretty similar to the one reported by Kamau-Muthoni et al. [48], who published
statistically significant positive trends that varied from 0.100 to 2.700 mm year−1, which encompasses
the trend we found here. Differently, the authors of [51] found statistically significant positive trends
between 1.410 and 3.980 mm year−1, which were significantly greater than the trend found in this
research. Additionally, Yue and Hashino [52] reported precipitation increases in May until about 12.20%
in the last part of the period 1887–1996. At Rancho Seco, the location where this trend was observed,
beans and corn have always been cultivated under rainfed conditions, so it would be expected that a
precipitation increase in this month brings better moisture scenarios for food production. Irrigated
crops (lettuce, tomato, among others) would benefit from the water volume reduction of the irrigation
used. Additionally, it is expected that precipitation increases the available soil moisture and helps the
anticipated natural vegetation activation and enlarges the vegetation cycle. In a study about the effect
of precipitation augment at an ecosystem level, Zeppel et al. [56] reported that it causes changes in the
moment of certain physiological process occurrences, such as blooming, ripening of fruits, maturation
of leaves, etc. Similarly, June showed a statistically significant positive trend at Presa El Niagara
(south), Palo Alto (east), Los Conos (east), Sandovales (southeast), El Ocote I (southwest), and Rancho
Seco (east) weather stations (Figure 3). The rank of the statistically significant positive trends for this
month oscillated between 1.362 and 2.555 mm year−1 (Table 2). For this month, Asakereh [8] reported a
statistically significant positive trend with a magnitude of 0.200 year−1, which is relatively lower than
the trends we found in this study. On the other hand, Abiy et al. [57] found a statistically significant
positive trend of 0.980 mm year−1, which was slightly shorter than the lower limit found in this work.
For this month, other authors have also found a statistically significant positive trend in other regions
of the northern hemisphere [18,58]. Most of the locations with a precipitation increase in this month
have a great tradition in corn, beans, and alfalfa crops. Some others produce oats, sorghum, ballico
(Perennial ryegrass), and vegetables, so that it is expected that these trends benefit the spring–summer
growing cycle and lead to the use of less irrigation water and a reduction of groundwater extraction.
However, the precipitation augment increases the occurrence of floods, the capacity of its erosive
power, and nonpoint pollution [59]. The precipitation increase is associated with soil loss, changes
in carbon content, temperature changes, changes in available moisture, and changes in soil organic
matter content [60]. Figure 5a shows an example of the precipitation time series for June at Presa El
Niagara, where there was a statistically significant positive trend of 1.362 year−1. On the other hand,
July showed a statistically significant positive trend only at Rancho Seco weather station, in the east
of the state (Figure 3), whose magnitude was 2.418 mm year−1 (Table 2). For this month, the found
trend in this study is within the rank of trends published for other parts of the northern hemisphere.
The authors of [8] reported a statistically significant positive trend from 0.200 to 0.400 mm year−1,
which is significantly lower than ours. The authors of [57] reported statistically significant positive
trends of around 2.1 mm year−1, which is pretty similar to the magnitude we found in this study. On the
other hand, Zelenakova et al. [61] commented that for this month, the greatest statistically significant
positive trend was about 4.300 mm year−1, which is relatively bigger than ours. Other authors,
although without an emphasis on magnitudes, have also reported statistically significant positive
trends in July precipitation [18,25]. At the Rancho Seco location, the precipitation increase in July could
benefit rainfed crops, such as corn and beans, and irrigated crops, such as lettuce, onion, tomato, etc.
The mountain vegetation could also benefit from this precipitation augment. The precipitation increase
can also contribute to higher grass production from the grasslands. However, reports exist that once the
growing cycle starts, a precipitation increase brings with it a water quality decrease of the rivers, due to
the transport of sediments and compounds based on nitrogen due to the agricultural activities in this
season of the year [62]. In the same way, August showed a statistically significant positive trend at San
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Jose de La Tinaja (northwest), Presa Plutarco Elias Calles (north-central), Rancho Seco (east), and Rincon
de Romos (north) weather stations (Figure 3). For August, the range of statistically significant positive
trends found in this study oscillated between 0.972 and 1.750 mm year−1 (Table 2). For this month,
and for other parts of the northern hemisphere, other researchers have reported magnitudes relatively
higher than ours. The authors of [57] reported trends of 4.300 mm year−1 for southeast Florida. On the
other hand, Krishnan et al. [51] reported a range of statistically significant positive trends from 2.320
to 3.920 mm year−1. Similarly, Gonzalez-Hidalgo et al. [25] reported statistically significant positive
trends; however, they did not inform their magnitudes. At these locations, spring–summer crops
that could be favored by the precipitation increase are basically corn (forage and grain) and alfalfa,
which are cultivated under both rainfed and irrigated conditions. However, in Aguascalientes, crops
relatively sensitive to moisture excess also exist, and under scenarios of high precipitation they can
be affected; for example, for beans, moisture excess enhances the conditions for the proliferation of
root pathogens [63]. In general, under these circumstances, crops are exposed to damage caused by
anoxia [64]. According to Neilson [65], another environmental effect from the precipitation increase is
that it favors the invasion of woody shrubs in herbaceous vegetation. The month with the greatest
number of statistically significant positive trends was September. This month had statistically significant
positive trends at Presa El Niagara (south), San Jose de La Tinaja (northwest), Mesillas (north), Palo Alto
(east), Presa Potrerillos (north), Presa Plutarco Elias Calles (north), Presa Jocoque (north-central),
Rancho Viejo (northwest), Tepezala (north), Villa Juarez (northeast), Aguascalientes (central), El Novillo
(east), Las Fraguas (east), Los Conos (east), Sandovales (east), El Tule (northeast), Montoro (south),
Los Negritos (central), Penuelas (south), Presa Canutillo (southwest), Rancho Seco (east), and Rincon de
Romos (north) (Figure 3). The variation range of these trends was between 1.250 and 2.195 mm year−1

(Table 2). Trends reported by other authors for this month and other regions of the northern hemisphere
are relatively variable but encompass the magnitudes we found in this research. For example,
Abiy et al. [57] informed statistically significant positive trends of 2.200 mm year−1. The authors of [8]
reported statistically significant positive trends with a magnitude of 0.200 mm year−1. The authors
of [13,22] found statistically significant positive trends of 0.320 mm year−1. The precipitation increase
in this month means a greater edaphic moisture availability that can be of agricultural importance
for autumn–winter crops. Additionally, the precipitation increase can be of great significance for the
vegetation and hydrological cycle maintenance, mainly for the runoff that supplies water to dams
and recharges aquifers. However, the precipitation increase in September can cause more frequent
delays in land preparation, sowing, and other activities for autumn–winter crops; additionally, nutrient
percolation can occur, and in crops harvested in this month, it can produce yield reductions caused by
rot and quality deterioration, which is particularly important for beans [64]. In agriculture, to reduce
the effects of moisture excess in humid years, varieties resistant to diseases (diseases caused by fungus
on the root) and lodging caused by water saturation can be adopted. Figure 5b shows an example of
a time series of September precipitation at La Tinaja weather station, where there was a statistically
significant positive trend of 1.583 mm year−1. In synthesis, a precipitation increase, to a certain extent,
seems to benefit spring–summer crops importantly, but according to the literature review, it can also
result in agricultural and environmental threats.

September is the more susceptible month for higher humidity. Unlike the statistically significant
negative trends, statistically significant positive trends occur in a specific part of the year, that is to say,
from May to September. In this period, the months with the lowest number of statistically significant
positive trends were May and July, each with a statistically significant positive trend, while the month
with the highest number of statistically significant positive trends was September, which had 22.
In Table 2, the weather stations with monthly statistically significant and positive trends are presented.
It is observed that at some Aguascalientes locations, the more humid months are rainier.
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mm year−1. In Kentucky, Chattopadhyay and Edwards [7] reported statistically significant positive 
trends between 3.510 and 4.780 mm year−1. Similarly, the authors of [48], for southwest Zambia and 
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Figure 5. Examples of time series at Presa El Niagara (p ≤ 0.05) (a) and La Tinaja (p ≤ 0.05)
(b) weather stations.

3.2.2. Annual Trend

In Aguascalientes, the annual rainfall shows only a statistically significant positive trend. Out of
the total (36) annual time series analyzed, nine had a statistically significant positive trend (Table 2).
Weather stations with this type of trend were Presa El Niagara (south), Presa Media Luna (southwest),
Palo Alto (east), Rancho Viejo (northwest), Los Conos (east), Sandovales (east), Los Negritos (central),
Penuelas (south), and Rancho Seco (east) (Figure 6). The statistically significant positive trends of
annual precipitation oscillated between 4.118 and 10.055 mm year−1, at Presa Media Luna and Rancho
Seco, respectively (Table 2). In several works, a statistically significant positive trend of annual
precipitation for other parts of the northern hemisphere has been reported. The authors of [57] found a
statistically significant positive trend in the total annual precipitation of 2.1 mm year−1. In Kentucky,
Chattopadhyay and Edwards [7] reported statistically significant positive trends between 3.510 and
4.780 mm year−1. Similarly, the authors of [48], for southwest Zambia and northern Lake Victoria
basin, found trends from 3.000 to 15.000 mm year−1. Differently, other authors, also for the northern
hemisphere, found only statistically significant negative trends in total annual precipitation [8,12,13].
It is observed that in Aguascalientes, the magnitudes of statistically significant positive trends of annual
precipitation are within the scales reported for other regions of the northern hemisphere. Some of
these annual statistically significant positive trends originated from the statistically significant positive
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trend that was shown by some months. This occurred at Presa El Niagara (south), Palo Alto (east),
Rancho Viejo (northwest), Los Conos (east), Sandovales (east), Los Negritos (central), Penuelas (south),
and Rancho Seco (east) weather stations (Table 2). Figure 7 shows an example of a time series of the
annual precipitation at Rancho Seco weather station, where there was a statistically significant positive
trend of 10.055 mm year−1. In essence, the statistically significant positive trends of annual precipitation
found in our study are within the range of magnitudes reported for the northern hemisphere.
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Figure 6. Spatial variation of the annual precipitation trend in Aguascalientes.

Increases in annual precipitation are distributed into two regions of the state. It is observed that,
except for Rancho Viejo (northwest) and Presa Media Luna (southwest) weather stations, most of the
stations with this kind of trend are located in the south and east of the state (Figure 6). Statistically
significant positive trends located in specific zones can be due to the influence of factors causing the
spatial variability in arid lands. In Table 2 (last right column), the magnitude of the decadal trend of
annual precipitation is presented, and on the bottom of this table, a summary of those statistically
significant stations can be observed. In Aguascalientes, annual precipitation basically increases just in
the south and east.

Additionally, an analysis of the temporal trend of precipitation in the growing season (PGS)
was carried out (May–September, growing season spring–summer) (maps and graphs not shown).
This analysis allows identification of the likely future panorama of precipitation in this critical period
on the agricultural production and the extent to which PGS changes explain the annual precipitation
changes. We found statistically significant trends of PGS at 13 weather stations; all of them were
positive. These trends varied between 3.481 and 9.200 mm year−1 in Aguascalientes and Rancho Seco,
respectively. These trends confirm that some parts of Aguascalientes are getting more humid during
the rainy season; in other words, for these regions, in the short term, problems related to precipitation
deficiencies during the growing season are not foreseen. The interesting point is that the nine weather
stations that showed statistically significant trends of annual precipitation also showed statistically
significant trends of PGS, which indicates that in Aguascalientes, the annual precipitation increase is
being explained to a great extent by the PGS increase. The weather stations with statistically significant
and positive trends do not show a homogeneous spatial distribution; they are distributed at the south,
southwest, east, northwest, center-south, southeast, north, and northeast. However, more interestingly,
these trends just occurred in regions where irrigated agriculture is practiced, which is similar to the
results reported by Sen Roy [66] and mentioned in Section 3.5 of this work. The findings of this part of
the research could allow us to propose a new research hypothesis, which could help to reveal whether
the massive introduction and adoption of irrigation systems in Aguascalientes and neighboring arid
regions is contributing to the precipitation increase as was reported for India [66]. In Aguascalientes,
PGS is increasing significantly at 13 locations and their vicinities.
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It is known that polluting particles suspended in the atmosphere affect the precipitation 
formation process. Anthropogenic aerosol emissions have increased rapidly since the 1950s, and it is 
believed that this has participated in the precipitation reduction in different regions of the world [67–
69]. Chemical particles released through anthropogenic activities affect the precipitation formation 
process. There exists evidence that aerosols and pollutant particles of the air affect cloudiness and 
precipitation formation processes. It has been documented that air contamination by high 
concentrations of big and submicronic particles inhibits the process of precipitation formation. They 
act as condensation nuclei of drops that form clouds with tiny drops, which are slow to condensate 
in more significant drops and precipitate, which is reflected in less precipitation reaching the land 
surface [70–73]. The presence of a high number of contaminant particles in the lower atmosphere 
promotes the generation of clouds that do not get precipitated but instead persist in the atmosphere 
until they re-evaporate. Thus, instead of precipitation, considerable cloudiness occurs, which is 
characteristic of air masses that are highly contaminated and saturated [70]. According to Rosenfeld 
[71], the smoke coming from the burn of agricultural residues provokes the effective radius of droplet 
formation becoming shorter; this causes the formation process of precipitation to be inhibited. This 
precipitation inhibition can be an essential contributor to the negative precipitation trend in several 
parts of the world. According to Polson et al. [74], anthropogenic aerosol is an external forcing that 
contributed to the precipitation decrease in the second part of the 20th century. In this regard, 
Aguascalientes has always stood out due to its vast extent of industrial activity. One important 
activity is mining, which is focused mainly on gold, silver, copper, zinc, and lead extractions [75]. The 
manufacturing industry has always been thriving, but in the last years, it has grown up even more 
with the arrival and expansion of the automotive industry [76]. Several brands of car manufacturers 
from different parts of the world have arrived in Aguascalientes. The business philosophy of the 
Aguascalientes government is that each enterprise arriving in this state must buy land to establish its 
buildings and production plants, which contributes importantly to land-use change [76]. 
Atmospheric aerosol seems to be one of the causes for the precipitation decrease in many parts of the 
world. 

Figure 7. Example of time series at Rancho Seco (p ≤ 0.05) weather station.

3.3. Possible Causes of Statistically Significant Negative Trends

It is known that polluting particles suspended in the atmosphere affect the precipitation formation
process. Anthropogenic aerosol emissions have increased rapidly since the 1950s, and it is believed
that this has participated in the precipitation reduction in different regions of the world [67–69].
Chemical particles released through anthropogenic activities affect the precipitation formation process.
There exists evidence that aerosols and pollutant particles of the air affect cloudiness and precipitation
formation processes. It has been documented that air contamination by high concentrations of big and
submicronic particles inhibits the process of precipitation formation. They act as condensation nuclei
of drops that form clouds with tiny drops, which are slow to condensate in more significant drops and
precipitate, which is reflected in less precipitation reaching the land surface [70–73]. The presence of
a high number of contaminant particles in the lower atmosphere promotes the generation of clouds
that do not get precipitated but instead persist in the atmosphere until they re-evaporate. Thus,
instead of precipitation, considerable cloudiness occurs, which is characteristic of air masses that are
highly contaminated and saturated [70]. According to Rosenfeld [71], the smoke coming from the
burn of agricultural residues provokes the effective radius of droplet formation becoming shorter;
this causes the formation process of precipitation to be inhibited. This precipitation inhibition can be
an essential contributor to the negative precipitation trend in several parts of the world. According
to Polson et al. [74], anthropogenic aerosol is an external forcing that contributed to the precipitation
decrease in the second part of the 20th century. In this regard, Aguascalientes has always stood
out due to its vast extent of industrial activity. One important activity is mining, which is focused
mainly on gold, silver, copper, zinc, and lead extractions [75]. The manufacturing industry has always
been thriving, but in the last years, it has grown up even more with the arrival and expansion of
the automotive industry [76]. Several brands of car manufacturers from different parts of the world
have arrived in Aguascalientes. The business philosophy of the Aguascalientes government is that
each enterprise arriving in this state must buy land to establish its buildings and production plants,
which contributes importantly to land-use change [76]. Atmospheric aerosol seems to be one of the
causes for the precipitation decrease in many parts of the world.

3.4. Possible Causes of Statistically Significant Positive Trends

It is believed that one of the more responsible factors for the precipitation increase is global
warming. Essential moisture for generating precipitation can get into the atmospheric system either
by advective transport from gulfs and oceans or through local evaporation [77,78]. Given that arid
regions are located relatively far away from oceans and gulfs, these receive little moisture contribution
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from them [78]; in these lands, precipitation increase is attributed to more local moisture coming from
higher evaporation rates. Thus, the precipitation volume increase is related to atmospheric moisture,
and this late increase leads to more cloud formation, so that the increase in the atmospheric moisture
content favors more extreme precipitation events, hydrological cycle intensification, and augments in
the total precipitation [79]. During 1980–2010, an increase in extreme precipitation across all the globe
was observed and was attributed to the moisture augment caused by changes in temperature [80].
Some researchers report that during 1951–2005, a precipitation increase of 4% and 4.7% in maximum
precipitation in 1 and 5 days was observed, which was caused by atmospheric warming [81]. In several
parts of the northern hemisphere (EEUU, Caribbean, and Hawaii), mean precipitable water increased
significantly at an approximate rate of 5% decade−1 during 1973–1995, and provoked a significant
increase from 2% to 3% in relative humidity in the southeast, Caribbean, and subtropical Pacific [82].
Several works indicate that the more responsible factor for the atmospheric humidity increase and
precipitable water is global warming [78]. So, the temperature increase increases the capacity of the
atmosphere for absorbing water, which is described by the Clausius–Clapeyron relationship [82,83].
In this way, the precipitation increase in Aguascalientes and other parts of Mexico can be explained by
the temperature increase.

3.5. Other Possible Factors Responsible for Precipitation Changes in Aguascalientes

It is considered that the increase in cities’ size is related to precipitation trends. Some researchers
have documented that a close relationship exists between the growing/expansion of urban zones and
the precipitation increase. The authors of [84] studied the urban expansion effect on precipitation
trends. They found the existence of urbanization induced an effect on convective precipitation in
Mexico City, which seemed to be increasing as the city grew up. In this sense, Aguascalientes has
exhibited significant changes in its population size. According to INEGI, in 1980, the state accounted for
519,439 inhabitants, and for 2017, this same dependency reported 1,321,453 [37,85], and it is expected
that the population of the state will increase at a rate of 2.55% per year. It is essential to highlight
that the majority (63%) of this population resides in Aguascalientes. The effect of the increase on
the urban suburbs’ size is due to three factors: Mechanic turbulence coming from the rise in surface
roughness, the addition of sensible heat from urban heat, and the presence or increase of anthropogenic
condensation nuclei floating in the urban air [84]. On the other hand, in Arizona, Shepherd [86] found a
significant effect of urbanization on precipitation trends in regions close to suburbs. He emphasized that
precipitation had experienced a statistically significant increase from 12% to 14% between pre-urban
and post-urban periods, respectively. It is expected that as population centers continue to increase,
changes in the pattern of precipitation will manifest.

It is believed that land-use change modifies the mechanisms of connections and interactions that
exist between the earth’s surface and atmosphere. Different studies focused on identifying the influence
of land-use changes on the climate have been carried out. The land-use and covered alterations modify
the biophysical properties of the land, including its aerodynamic character, roughness height, vegetation
architecture, vegetation fraction, and albedo [87–89]. These changes also alter the energy balance
and atmospheric vapor content. It has been observed that the available energy increase of vegetated
surfaces has essential effects on precipitation formation and storms caused by convection [89,90]. In the
same way, the desert and semi-desert replacement by grass has increased precipitation significantly [91].
For Aguascalientes, this fact is relatively vital since, between 1985 and 2014, significant changes in
land use have occurred. The total surface covered by bodies of water increased by 180.62%, i.e., there
was an increment of 30.03 km2; the forest area was reduced by 64.19%, which is equivalent to a loss of
686.74 km2; the area covered by grassland grew by 9.72%, which equals an increase of 135.97 km2;
the urban area increased 983.25%, i.e., it had a growth of 190.24 km2; the surface of scrub grew 19.37%,
which equals to 162.60 km2; and the agricultural area increased by 7.31%, i.e., 166.63 km2 [92,93].
In Aguascalientes, precipitation changes mostly occurred at or pretty close to irrigated lands, and we
suspect that the increase in irrigation use could be influencing the precipitation increases. In this state,
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the irrigated area has increased considerably through time. In India, after the introduction of massive
irrigation systems, precipitation increased significantly [66]. The authors of [66] found that where
irrigation was intensified, conditions that enhanced the precipitation increase were the increase of the
latent energy flux, potential temperature (static moist energy), and changes on the field winds [66].
Under intensive irrigation use, an increase in the atmospheric moisture content and latent heat flux
were distinguished [66]. According to Betts and Ball [94] and Betts et al. [95], soils with a higher
moisture content produce a shallower boundary layer and therefore the concentration of large amounts
of moisture and heat fluxes within a thin layer of air, which leads to greater convective instability.
On the other hand, Schär et al. [96] stated that a high soil moisture content caused a decrease of the
free convection level, and therefore the convective instability could be released. In Aguascalientes,
all these local factors could be significant contributors to changes in the precipitation pattern.

In Aguascalientes, a climate factor that could be causing a precipitation decrease is the decrease in
the diurnal temperate range (DTR). For this state, Ruiz-Alvarez et al. [33] found declines of DTR and
attributed it to essential changes in the maximum and minimum temperature. The authors of [97]
explained that a DTR decline causes the air to saturate faster and absorbs less and less moisture, which in
turn causes significant decreases in evaporation. In arid lands, such as Aguascalientes, the potentially
precipitable atmospheric water vapor comes mostly from local evaporation. This condition makes
Aguascalientes vulnerable to precipitation decreases caused by an evaporation decrease. In this regard,
for Aguascalientes, the authors of [34] observed a statistically significant evaporation decrease in
every month of the year, so the said evaporation decrease could be one of the causes of the negative
precipitation trend found in this work.

Additionally, a correlation analysis between precipitation and ENSO was carried out. It is well
known that the ENSO (both warm and cold events) influences precipitation over Mexico [98,99].
Similarly, a relationship between precipitation and the ENSO over Mexico was found by [100]. Since the
variability observed in the annual precipitation in Aguascalientes could be explained in terms of the
ENSO–precipitation relationship, we ran a 38-year correlation analysis for the annual precipitation
(1980–2017) and monthly Oceanic Niño Index (ONI) [101], for lag −1 (1979–2016), lag 0 (1980–2017),
and lag +1 (1981–2018) (Figure 8). We found positive and significant correlations in almost the whole
set of weather stations for six months around lag 0, which shows that the ENSO affects the precipitation
in the region, which agrees with previous works [100,102]. These results could explain that the
precipitation variability observed in Aguascalientes is mainly due to the ENSO.
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4. Conclusions

The objective of this research was to analyze the temporal trend of monthly and annual precipitation
at 36 weather stations of Servicio Meteorologico Nacional. The stations used were well distributed in
the study area so that their observations were very representative, and the temporal duration of the
sample period used was 37 years (1980–2017).

Out of the total time series of monthly precipitation analyzed, only a small proportion showed
evidence of statistically significant changes in the temporal pattern of precipitation. There were only
8 statistically significant negative trends while 34 were statistically significantly positive.

In Aguascalientes, the statistically significant negative trends of precipitation occur separately in
January, April, October, and December; and the consequences on hydrology, agriculture, and ecosystem
fields are detrimental. The season of the year in which a statistically significant positive trend of monthly
precipitation occurs is in the period of May–September. For this reason, the spring–summer growing
cycle could be exempt from moisture scarcity problems; however, this condition of increased humidity
can bring with it a series of environmental, agricultural, and positive hydrological consequences, but at
the same time, others that are very detrimental.

As a consequence, on monthly precipitation changes, some weather stations showed changes in
total annual precipitation; this occurred at nine stations, and the trend was positive. At these locations,
increases in annual precipitation seem to be explained by the observed increases of rainfall during the
growing season.

In general, the magnitudes both for statistically significant positive and negative trends are in
agreement with other results reported for other parts of the northern hemisphere.

In Aguascalientes, the precipitation decrease, on the one hand, could be due to the global and
local aerosol emissions. In this state, mining and manufacture are two essential sources that emit these
classes of particles to the atmosphere more and more and with higher intensity. On the other hand,
another local agent partially responsible for the precipitation decrease could be the decrease in the
diurnal temperature range, which is caused by changes in local temperatures.

The precipitation increase, on the one hand, is caused by the atmosphere capacity increase,
both at the global and local levels, for absorbing more enormous quantities of water vapor. Locally,
the precipitation increase could also be influenced by the size of the main urban centers, and by the
significant changes that have occurred on the land use, mainly on the intensification of the practice of
irrigation agriculture.

The observed correlation between annual precipitation variability and ENSO seems to be that this
is a responsible agent of the yearly variability of precipitation in Aguascalientes.

To attenuate the effect of the statistically significant negative trends of precipitation, agriculture
should adopt irrigation systems of high efficiency and implement programs of rehabilitation and
repairing of irrigation infrastructure in the state. Additionally, the use of crops with high water-use
efficiency and with a shorter growing cycle should be intensified. On the other hand, one way of
palliating the excess moisture effects in humid years is by using resistant varieties and hybrids to
lodging and diseases caused by rot root.

At some Aguascalientes locations, where the May–September period is becoming rainier, programs
that catch and store rainwater could be implemented for possible use in livestock during autumn,
winter, and early spring, which are dry seasons.

As a complement of this research, it would be worth evaluating the pattern of available moisture
with an edaphoclimatic water balance, where weather, edaphic, and crop characteristics could be
integrated. This future research would help identify the magnitude of dry/humid periods of agricultural
interest and its temporal pattern; this will provide a complete picture of the agricultural impacts of
precipitation variability. Another potential future research topic is to verify whether, in Aguascalientes
and neighboring arid regions, the precipitation increase is related to the adoption and intensification of
agricultural irrigation.



Atmosphere 2020, 11, 437 20 of 24

Author Contributions: O.R.-A. writing original draft. V.P.S. review and editing manuscript. J.E.-M. supervision.
R.E.O.-C. spatial analysis and mapping. A.C.-S. visualization and ENSO-Precipitation correlation analysis.
All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by Instituto Nacional de Investigaciones Forestales Agricolas y Pecuarias
(INIFAP) and Texas A&M AgriLife Research.

Acknowledgments: The first author, thanks to Consejo Nacional de Ciencia y Tecnologia (CONACyT) for its
support through the program of scholarships for to study abroad. A great part of the database processing was
carried out when the first author was a Ph.D. student. Also, thanks to staff of Servicio Meteorologico Nacional
(SMN) of Comision Nacional del Agua (CNA), both in Mexico City and Aguascalientes offices for providing
databases and information about its management. Also, thanks to Instituto Nacional de Investigaciones Forestales
Agricolas y Pecuarias (INIFAP), experimental station Pabellon, for all support for carrying this research out.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Wuebbles, D.J.; Fahey, D.W.; Hibbard, K.A.; DeAngelo, B.; Doherty, S.; Hayhoe, K.; Horton, R.; Kossin, J.P.;
Taylor, P.C.; Waple, A.M.; et al. Climate Science Special Report: Fourth National Climate Assessment, Volume I;
Wuebbles, D.J., Fahey, D.W., Hibbard, K.A., Dokken, D.J., Stewart, B.C., Maycock, T.K., Eds.; U.S. Global
Change Research Program: Washington, DC, USA, 2017; pp. 12–34. [CrossRef]

2. World Meteorological Organization (WMO). Available online: http://www.wmo.int/pages/prog/wcp/ccl/faq/

faq_doc_en.html (accessed on 15 January 2020).
3. IPCC. IPCC. Climate Change 2013: The Physical Science Basis; Contribution of Working Group I to the Fifth

Assessment Report of the Intergovernmental Panel on Climate Change; Stocker, T.F., Qin, D., Plattner, G.K.,
Tignor, M., Allen, S.K., Boschung, J., Nauels, A., Xia, Y., Bex, C., Midgley, P.M., Eds.; Cambridge University
Press: Cambridge, UK, 2013; p. 1535.

4. IPCC. IPCC. Climate Change 2001: The Scientific Basis; Contribution of Working Group I to the Third Assessment
Report of the Intergovernmental Panel on Climate Change; Houghton, J.T., Ding, Y., Griggs, D.J., Noguer, M.,
van der Linden, P.J., Dai, X., Maskell, K., Johnson, C.A., Eds.; Cambridge University Press: Cambridge,
UK, 2001.

5. Rakhecha, P.R.; Singh, V.P. Applied Hydrometeorology; Springer: New York, NY, USA, 2009; 384p.
6. Rodriguez-Puebla, C.; Encinas, A.H.; Nieto, S.; Garmendia, J. Spatial and temporal patterns of annual

precipitation variability over The Iberian Peninsula. Int. J. Climatol. 1998, 18, 299–316. [CrossRef]
7. Chattopadhyay, S.; Edwards, D.R. Long-Term Trend Analysis of Precipitation and Air Temperature for

Kentucky, United States. Climate 2016, 4, 10. [CrossRef]
8. Asakereh, H. Trends in monthly precipitation over the northwest of Iran (NWI). Theor. Appl. Climatol. 2017,

130, 443–451. [CrossRef]
9. Zhang, Q.; Xu, C.Y.; Zhang, Z.; Chen, Y.D.; Liu, C.; Lin, H. Spatial and temporal variability of precipitation

maxima during 1960-2005 in the Yangtze River basin and possible association with large-scale circulation.
J. Hydrol. 2008, 353, 215–227. [CrossRef]

10. Menzel, L.; Burger, G. Climate change scenarios and runoff response in the Mulde catchment (Southern Elbe,
Germany). J. Hydrol. 2002, 267, 53–64. [CrossRef]

11. Brown, K.; Kamruzzaman, M.; Beecham, S. Trends in sub-daily precipitation in Tasmania using regional
dynamically downscaled climate projections. J. Hydrol. Reg. Stud. 2017, 10, 18–34. [CrossRef]

12. Beharry, S.L.; Clarke, R.M.; Kurmarsingh, K. Precipitation trends using in-situ and gridded datasets.
Theor. Appl. Climatol. 2014, 115, 599–607. [CrossRef]
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