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Abstract

Monitoring meteorological variables is essential in studying plant biophysical processes such as the development
and growth, capture and retention of water, increase of nutrients and use of environmental services. The
objective of this work was to propose a meteorological monitoring system based on the analysis of the natural
environment to provide a representative database. The proposal was developed in Zoguiapan Experimental
Forest Station, central Mexico. Methods include the representativeness of the biophysical conditions in a semi-
cold temperate forest in central Mexico. First, maps of geoforms, climate and vegetation were generated to
delimit the homogeneous cartographic landscape units. Subsequently, utilizing location criteria, three
cartographic units were selected to establish three meteorological stations. The monitoring system has two
Davis Instruments automatic stations and another with an Arduino open-source microcontroller. Data is
recovered monthly on a laptop with a USB cable. Before the installation of the stations, the sensors were
subjected to a comparison with a reference station. It was shown that the data of the first days of operation
revealed differences in the climate between the units concluding that locating the stations on an altitudinal
trajectory can contribute to relating the climate with different vegetation and geoforms.

Keywords: Cartographic units, comparison, geoform, installation, meteorological stations, representativeness.
Resumen

El monitoreo de variables meteoroldgicas es importante para el estudio de procesos biofisicos como el desarrollo
y crecimiento de plantas, captura y retencién de agua, aumento de nutrientes y aprovechamiento de servicios
ambientales. El objetivo del estudio fue proponer un sistema de monitoreo meteoroldgico a partir del analisis del
medio natural que proporcione una base de datos representativa. La propuesta se desarrolld en la Estacion
Forestal Experimental Zoquiapan, en el centro de México. El método incluyé la representatividad de las
condiciones biofisicas en un bosque con clima templado semifrio. Primero, se generaron mapas de geoformas,
clima y vegetacion para delimitar las unidades cartograficas homogéneas de paisaje. Posteriormente, mediante
criterios de emplazamiento, se seleccionaron tres unidades cartograficas para el establecimiento de tres
estaciones meteoroldgicas. Los resultados incluyeron la caracterizacién del paisaje, asi como la propuesta para
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establecer las estaciones meteoroldgicas. El sistema se integré con dos estaciones automaticas Davis
Instruments y otra que opera con microcontrolador de cédigo abierto Arduino. Los datos se recuperan
mensualmente en una computadora portatil con cable USB. Antes de la instalacion de las estaciones, las
mediciones dadas por los sensores se compararon con los valores de una estacién de referencia. Los datos de
los primeros dias de operacion revelaron diferencias en las variables de las unidades de paisaje, y se concluye
que ubicar las estaciones en una trayectoria altitudinal puede contribuir a relacionar el clima con diferente
vegetacién y geoformas.

Palabras clave: Unidades cartograficas, comparacion, geoforma, instalacion, estaciones meteoroldgicas,
representatividad.

Introduction

Climate change is a phenomenon that implies a global problem with regional
consequences affected by natural and anthropogenic systems. The leading causes of this
process are the changes in the concentration of greenhouse gases due to anthropogenic
sources (IPCC, 2021). These changes have impacted and modified the natural
environment generating an imbalance in ecosystems and natural resources (Gomez-
Mendoza and Arriaga, 2007). As a result, concern about climate change has increased;
therefore, social, political and scientific initiatives have been created to act on this matter
(Reyes et al., 2018).

Monitoring meteorological variables is essential in the study and use of biophysical
processes, for example, plant development and growth, water capture and retention,
organism survival and development, increase in nutrients, and taking advantage of
environmental services (Brauman, 2015). The most critical variables in these processes are
air temperature and humidity, precipitation, solar radiation, photosynthetically active

radiation and evaporation (Li, 2014).

Meteorological observations (as well as related environmental and geophysical
observations) are performed for several reasons, such as real-time preparation of
meteorological analyzes, predictions and weather warnings, climate studies, local weather-

sensitive operations (e.g. local aerodrome flight operations or facility construction work
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terrestrial and marine), hydrology and agricultural meteorology, and meteorological and
climatological research (OMM, 2014).

The association between temperature and precipitation is valuable in the study of the
sensitivity of conifer growth to climate (Gdmez-Mendoza and Arriaga, 2007). Various
procedures have been developed to quantify drought; each has strengths and weaknesses.
The influence of annual evaporation on vegetation during droughts can be more significant
than in seasons with no moisture limitations. Yearly evaporation is affected by climatic
elements, such as wind speed, solar radiation, vapour pressure deficit and relative
humidity, and can vary at short temporal scales. For this reason, it has a relevant function

in climate-plant relationships (Pompa-Garcia et al., 2013).

Gdémez-Mendoza and Arriaga (2007) studied the vulnerability to climate change of 34 oak
and pine species in Mexico. In this study, they confirm a widely known fact: that climatic
variables primarily determine the distribution of many species and communities. Thus,
climate changes will modify their distribution and abundance. Some essential climatic
variables highlighted in forest ecosystems are changes in precipitation, temperature,
evapotranspiration and a higher frequency of fires and storms. The rate of forest

disappearance can be faster than their migration or regrowth in new areas.

Zoquiapan Forestry Experimental Station (EFEZ) is a research centre of the Universidad
Auténoma Chapingo. Because of the need for meteorological data at the station it was
essential to establish a practical, rapid and precise meteorological monitoring system. The
goal is to provide meteorological data with autonomy, for better management practices and

landscape analysis, as studies associated with vegetation or other ecosystem services.

The study area was first biophysically zoned, dividing the territory to establish a location or
activity following biophysical variables. This division selected three homogeneous
cartographic landscape units as representatives based on site criteria to install three
meteorological stations. The objective of this study was to propose a meteorological
monitoring system from the analysis of the natural landscape and homogeneous units that
will provide a representative database of the area. The hypothesis is that it is possible to
analyze the landscape and, based on its variability, identify sites to establish climate

monitoring. The meteorological system comprised two commercial automatic meteorological
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stations of medium-range (including climate records and research) and one low-cost station
with an Arduino open code data recorder. Comparison tests were conducted of the sensors

of the three automatic meteorological stations before their installation in the selected sites.

Materials and Methods

Study site

Zoquiapan Forestry Experimental Station is located in the Northwest of the volcano
Iztaccihuat! and the Southwestern part of the Zoquiapan National Park, at the following
coordinates 19°12'30" and 19°20'00" N, and 98°30'00" and 98°42'30" W. It occupies an area
of 1 624.23 ha in the altitudinal range of 3 080 to 3 670 m (Blanco et al., 1981) in the

municipalities of Ixtapaluca and Chalco, State of Mexico (Figure 1).
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Figure 1. Map of the study area location.

Homogeneous cartographic landscape units

The methodology proposed by Gémez et al. (2008) was used to generate geoforms,
climate, and vegetation maps with a Geographic Information System (GIS, ArcMap 10.1) to
characterize the homogeneous cartographic landscape units. In this study, we define
homogeneous landscape units as those areas that share the same physiographic attributes
with minimal spatial variation. The three maps were merged to generate the homogeneous
cartographic landscape units, which were assigned a name beginning with soil and
vegetation attributes, climate and geoform. The process is described in the following

paragraphs.

Geoforms map. The Digital Elevation Model (INEGI, 2016c¢) of Mexico, Puebla and
Tlaxcala state was used to highlight altitudinal ranges, slopes and contour lines. The
altitudinal ranges used were delineated every 100 m. The ranges of slope followed the
criterion established by the United Nations Environment Program and other institutions in
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the procedure of digital databases on soils and terrain (van Engelen and Dijkshoorn,
2013) based on the evaluation of soil degradation (Global Assessment of Human-induced
Soil Degradation or GLASOD), and the contour lines were every 10 m. Next, the map of
geological structures (INEGI, 2016b) and the map of water bodies (INEGI, 2016a) were

superimposed to characterize the geomorphological units of the study zone.

Climate map. The climate map was characterized using the methodology of Gémez et al.
(2008) by determining annual and monthly temperature and precipitation data. For the first
variable, simple linear interpolation methods were complemented with statistical analysis. For
the second, a graphic method was used with expert criteria, making analogies with

neighbouring areas for which information on this variable was available.

First, with the Extractor Rapido de Informacion Climatica (ERIC, version 1.0) (IMTA, 2016),
maximum and minimum temperatures were obtained, and mean annual precipitation from
the 22 climatological stations closest to the study area with complete data of at least the last
20 years. The watershed located west (Atoyac River Basin) and within the Central Plateau
was considered to determine the influence of winds and select the climatological stations of

influence (Juarez et al., 2005).

Temperature map. Data on monthly maximum and minimum temperatures from the
climatological stations were used to obtain each station's average annual and monthly
temperatures. This aimed to generate simple linear regression equations to calculate the
ranges of variation from the elevation for each month and the yearly average. The annual
linear regression equation was used to construct the isothermal map at one degree Celsius.
Then, the monthly increase was calculated following temperature ranges. Polygons were
created by superimposing the contour line map over that of temperature and elevation and

calculated with the simple linear regression model in GIS Arc Map 10.1.

Precipitation map. The annual precipitation was obtained from the 22 climatological
stations to georeferenced them, according to the coordinates in GIS ArcMap 10.1. With the
Digital Elevation Model and the data on annual precipitation from the meteorological
stations, the amount of rainfall that could exist in the study area was estimated using
analogies with the regions with climatological stations considering the natural vegetation
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and the influence of the orographic units in the occurrence of rainfall. The procedure is best
described in Gémez et al. (2008).

Map of areas of climatic influence. The areas of climatic influence are defined as those
with the same annual temperature and precipitation (Gomez et al., 2008). We intersected
the maps of mean annual isotherm and mean annual isohyet in GIS ArcMap 10.1 to create
the areas of climatic influence. Monthly and yearly values for temperature and precipitation
were estimated for each area to determine the climate type using the Kdppen climate

classification system modified by Garcia (2004).

Final climate map. Once the climate type was determined, the polygons with the same

climate type were merged to obtain the climate map.

Vegetation map. A detailed delineation of land use and vegetation types was done using
Series V of Land Use and Vegetation (INEGI, 2016d) scale 1:1 000 000. Also, Google Earth
satellite images were used to define the vegetation stands in the study area, which was
named by land use and vegetation type and verified in the field (through field trips to all

areas).

The land use and vegetation types registered by the INEGI (2016d) Series V in the study
area are fir forest, pine forest, pine-oak forest and induced grassland. Comparing the land
use and vegetation units of Series V with Google Earth satellite images, we observed that
the borders of the INEGI (2016d) polygons do not coincide with the vegetation
conglomerates. Thus, we refined and elaborated the boundaries with greater detail and

precision.

Map of homogeneous cartographic landscape units. Finally, the three maps previously
defined in GIS ArcMap 10.1 (geoforms, climate and vegetation) were intersected. From this

merging, the homogeneous landscape units were obtained.

Site criteria
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Since it is not possible to establish a monitoring system in all the resulting areas, it was
necessary to select just three sites. The main reason was economic limitation (Table 1).
Thus, the following are the site criteria for choosing the three homogeneous cartographic

landscape units where the meteorological stations were physically located.

Table 1. Cost of the stations and expenses.

Concept Amount (MXN) Amount (USD)
Station Vantage Pro2 Plus (EMZ-01) $20 522.07 $1 246.03
Station Vantage Pro2 Plus (EMZ-02) $29 013.14 $1761.57
Station Arduino (EMZ-03) $7 317.04 $444.26
Transportation $6 347.21 $385.38
Others materials $4 415.40 $268.09
Total $67 614.86 $4 105.33

Exchange rate: Dollar (USA) = $16.47 Mexican pesos (November 2016).

Representativity. The sites have characteristics representative of the geoforms, climate
and vegetation type of the study area, which should interest the research users. To this
end, an elevation transect was performed to observe weather behaviour in the three sites
with different altitudes, vegetation and geoforms. The region where the study area
installations are located (intermountain valley) was used as the base point to give

continuity to the meteorological data collected previously at this site.

Cleared site. The sites are free of natural or artificial obstacles that might obstruct the
free transit of the meteorological elements; preferably a terrain cleared in a radius of 20

m.

Levelled terrain. The sites do not have depressions or slopes that could limit the stations'

installation and make access for data collection difficult during the rainy season.

Distance to the observer. The stations are close to the place where the operator is
located.
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Easy access. The sites have an open access road to facilitate operation, maintenance,
systematic data collection, and constant surveillance of the stations.

The first criterion was established to collect valuable meteorological helpful information in
the research projects of the Zoquiapan Forestry Experimental Station. The other criteria for
clearing, level ground, proximity to the observer and easy access were defined according to
WMO (Romo and Arteaga, 1989).

Calibration testing of the meteorological stations

The monitoring system consists of three meteorological stations denominated EMZ-01, EMZ-02
and EMZ-03. Stations EMZ-01 and EMZ-02 are automatic meteorological stations of the brand
Davis Instruments, model Vantage Pro2 Plus wireless (DAVIS, 2019). They have a Vantage Pro2
console and a WeatherLink datalogger for receiving, visualizing and storing data, a seven-watt
solar panel and a six-volt-1.4 ampere battery to provide the console with constant energy. The
console sensors are described in Table 2. EMZ-03 is an automatic meteorological station built
with an Arduino microcontroller. It is attached to a 10-watt solar panel and a 12-volt, 7-ampere

battery for a constant energy supply. A microSD module functions as a data logger.

Table 2. Sensors of the station EMZ-01, EMZ-02 and EMZ-03.

Sensor Type Range Accuracy
Temperature Silicone diode 123 -40 to 65 °C 12 + 0.5 °C 1?3
Humidity Film capacitor %3 0 to 100 % 23 + 3 9 123
Wind direction Potentiometer 23 0 to 365° 23 + 30 123
Wind speed Magnetic sensor 23 1 to 89.44 m/s 1> 0.00055 m/s 12
Solar radiation Silicone photodiode > 1 to 1 800 W/m?!? +5 9 12
UV radiation Transducer 2 0 to 199 MEDs ? £/-5 % ?
Pressure Transducer 23 - + 0.05 kPa 123
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Pluviometer Dump rocker 23 - 0.2 mm 23
Leaf moisture Surface monitor * 0to15%"* -

Soil moisture Resistance Watermark * 0 to 100% ! + 0.5°C!
Soil temperature Steel probe ! -50 to 60°C ! + 3% !

Source: Sparkfun (2013) and DAVIS (2019).

1 = EMZ-01; 2 = EMZ-02; 3 = EMZ-03.

The WeatherLink datalogger of the stations EMZ-01 and EMZ-02 reports inside and outside
temperature and humidity, wind chill and dew point, current and trending atmospheric
pressure, current precipitation and daily, monthly and annual accumulated precipitation, rain
intensity, solar and UV radiation, evapotranspiration, wind direction and velocity, wind gusts,
lunar phase and time of sunrise and sunset. In the Arduino microcontroller of the station
EMZ-03, the sensors have been programmed with Arduino integrated development
environment to obtain simple data on temperature, humidity, current and daily precipitation,
atmospheric pressure, and wind direction and speed. The cost of the stations and expenses

incurred are shown in Table 1.

There are two ways to verify the sensors of the meteorological stations. The first compares
the sensor response with a known reference measurement when the sensor and the
reference device are subjected to the same environmental conditions. The second consists
of subjecting the sensor to an artificial state in which the response is theoretically
predictable (INE, 2010).

We chose to use the reference equipment of the Department of Meteorology of the
Universidad Autonoma Chapingo, a Davis Instruments station, Vantage Vue wireless model,
with the same characteristics as stations EMZ-01 and EMZ-02. To compare the
measurement of the stations, they were placed 5 m from the reference station for one

week.

The comparison tests were conducted within one week with sampling every 30 minutes,
resulting in a sample of 336 data recorded on an Excel 2010 spreadsheet. Data were

compared using a t-test for two samples, assuming unequal variances. The tested sensors
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were temperature, humidity, pressure, precipitation, solar radiation, UV radiation, and wind

direction and speed.

Installation of the meteorological stations

It was necessary to delineate an area of 25 m? in each site around which a cyclone fence
with a gate to install the meteorological stations. The fence is 1.5 m high from ground level
and has an entrance with a lock to safeguard the stations. The stations were installed in the
centre of each fenced-in area. Tripods were anchored to the ground with bases constructed
for that purpose, adjusting the tripod screws so that they were firmly anchored to the
ground. The weathervanes were oriented toward the north. Solar cells for the equipment
were installed facing the south to guarantee efficient use of solar radiation since, most of
the year, the sun is south of the latitude in which the stations are found. The rain gauges
were levelled with a manual level to ensure that the stand was not inclined to the sides and
that the data collection was accurate. The solar radiation and UV radiation sensors were
levelled correctly according to the level bubble it is equipped with so that solar radiation

reaches the sensors adequately.

Station EMZ-01 was installed on July 22, 2016, and stations EMZ-02 and EMZ-03 were
established on August 16, 2016. Once the fences were installed, the stations were placed
and configured to begin operation. In addition, data from the first 20 days of operation
(August 20 to September 8, 2016) are presented to compare the weather in the three

selected cartographic units.

Results and Discussion
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Homogeneous cartographic landscape units

An altitudinal range map shows altitudes from 3 000 m to 3 700 masl, based on the Digital
Elevation Model of INEGI (2016c¢). From the slopes map, it can be observed that moderately
steep slopes predominate in the southern part of the study area, and in the central to
western parts, there are very steep slopes that diminish toward the east. Moreover, the

central part is almost flat, and moderately tilted slopes predominate toward the north.

The above maps were superimposed on maps of geological structures (INEGI, 2016b) and
water bodies (INEGI, 2016a) to characterize the geological units of the study zone. The
geoforms defined are shown in Figure 2. Results show geoforms are as follows: 4.82 %
steep volcanic apparatus (SVA), 1.41 % moderately inclined glens (MIG), 0.46 % almost
flat tops of volcanic domes (AFTVD), 2.40 % inclined tops of volcanic domes (ITVD), 1.15
% moderately inclined tops of volcanic domes (MITVD), 8.11 % steep hillsides (StH), 3.87
% sloped hillsides (SIH), 13.57 % descended hillside dissected by streams (SIHDS), 14.07
% moderately steep hillsides (MStH), 10.74 % moderately sloped hillsides (MSIH), 1.73 %
moderately sloped hillsides dissected by streams (MSIHDS) and 37.66 % almost flat

intermountain valley dissected by streams (AFIVDS).

GEOFORMS MAP

GEOFORMS
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Figure 2. Geoforms map of the study area.

Map of areas of climatic influence. The polygons of areas of climatic influence are shown
in Figure 3. The climate types according to Koppen climate classification modified by Garcia
(2004) are: Cb'(wy)(w)ig (22.37 %), Cc(w,)ig (26.38 %) and Cc(w,)(w)ig (51.26 %) (Table
3). The climate in the study area is temperate. The location and height influence the course

of the temperature, while the location and orientation influence the precipitation.
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Figure 3. Climate map of the study area.
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Table 3. Principal climates in the study area.

Climate type Description

Cb'(w>)(w)ig Temperate Semi-cold with long cool summer; the wettest of the sub-humid, with
summer rains and winter precipitation percentage less than 5; isothermal; with
Gange's temperature gear.

Cc(wy)ig Temperate Semi-cold with short cool summer; the wettest of the sub-humid, with
summer rains and winter precipitation percentage between 5 and 10.2 per year;
isothermal; with Gange's temperature gear.

Cc(w>)(w)ig Temperate Semi-cold with short cool summer; the wettest of the sub-humid, with
summer rains and winter precipitation percentage less than 5; isothermal; with
Gange's temperature gear.

Isotherm map. The estimated annual and monthly temperature ranges from the simple
linear regression models for the study area are presented in Table 4. In the areas of lower
altitudes, the mean annual temperature estimated is in the range of 10-11 °C; at the

highest altitude, its range is 6-7 °C.

Table 4. Average annual and monthly temperatures in the study area (°C).

Range Annual ] F M A M ] ] A S 0] N D
6-7 7 54 57 6.5 8.1 8.0 8.4 7.1 7.7 7.6 3.6 6.5 3.1
7-8 8 6.2 6.6 7.6 9.2 9.2 9.5 8.2 8.7 87 46 7.2 39
8-9 9 70 7.5 87 10.3 104 10.6 9.4 9.8 9.7 5.5 8.0 4.6
9-10 10 77 84 9.7 114 115 116 10.5 109 10.7 6.5 8.7 54

10-11 11 85 94 108 124 12.7 124 116 120 118 7.5 94 6.1

Isohyet maps. The dominant winds associated with the formation of the cloud systems
that generate most of the precipitation in the EFEZ come mainly from the Gulf of Mexico
with a Northeast to Southwest trajectory. Annual mean precipitation values of 1 000 to 1
100 mm were estimated at the intermontane valley. Here, the winds descend from slopes
located to the North and Northeast of the area of study and then are forced to ascend

following the contour of the slopes of the South-southeast where condensation of the
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water-air vapour increase and then the amount of precipitation with a higher range

estimated of 1 300-1 400 mm.

Data on the annual precipitation of each polygon was generated with a table showing
average monthly rainfall values, monthly precipitation intervals and estimated monthly
precipitation calculated for each range. The intervals of mean monthly precipitation for each
range of annual mean precipitation were assigned in accord with the trend and average
precipitation values of each group of climatological stations, establishing ranges within

which the averages of the different groups of stations were included. The results are shown

in Table 5.

Table 5. Estimate ranges of annual means precipitation and monthly values in the study

area (mm).
Range Annual J F M A M ] ] A S 0] N D
L9l 10448 160 13.3 17.9 50.0 90.0 1867 2067 190.0 166.7 867 133 7.5
P00l 11224 170 17.5 192 550 1067 1933 2133 2000 173.3 933 175 163
L2001 12347 180 217 225 700 1133 2100 2267 2200 1867 106.7 217 17.5
13991 13319 190 233 275 90.0 130.0 230.0 233.3 230.0 193.3 1133 233 18.8

Vegetation map. Seven categories were obtained: 0.29 % water (W), 16.60 % fir (F),
2.69 % grassland (G), 49.64 % pine (P), 14.63 % pine-alder (PA), 1.89 % pine-oak (PO)

and 14.26 % pine-fir (PF); for more information see Figure 4.

159



Revista Mexicana de Ciencias Forestales Vol. 13 (74)
Noviembre - Diciembre (2022)

VEGETATION MAP

VEGETATION

Yaat ' WATER [W]
~ ‘ r FIR [F]
A\ > ¢| . GRASSLAND [G]

PINE [P]
/ I PINE-ALDER [PA]
y PINE-OAK [PO]
.| MM PINE-FIR [PF]
= :
\\

| .
4 0 500 1,000 2,000 Meters |
| A : .
1

Figure 4. Vegetation map of the study area.

Map of homogeneous cartographic landscape units. By merging the geoforms, climate
and vegetation maps, 38 homogeneous cartographic landscape units were obtained and
assigned names following vegetation attributes, climate type and geoform (Figure 5). Table
6 shows the site criteria used to select the sites where the meteorological stations were
installed.
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I Fir forest with Climate type Cc(w2) on a sloped hillsides

mmm Fir forest with Climate type Cc (w2)(w) ig on a intermountain valley

mmm Pine forest with Climate type Cc (w2) (w)ig on a moderately steep hillshades
Pine forest with Climate type Cc (w2) (w)in an almost flat tops of volcanic domes
Pine forest with Climate type Cc(w2) ig on a moderately sloping hillsides

e Pine forest with Climate type Ce (w2) (w)ig in a steep volcanic apparatus
Pine-Alder with Climate type Cc (w2) (w) on 2 moderately sloping hillsides

e Pine-Alder with Climate type Cc(w2) (w)ig on a sloped hillsides and streams
Pine-Fir forest with Climate type Cc(w2) (w) on a moderately steep hillsides

mmm Pine-Fir forest with Climate type Cc (w2) (W) on a sloped hillsides dissected

= Grassland with Climate type Ce(w2) () in an almost flat intermountain valley

Metecrological stabons locabon coordinates
Staton  Lat'N Long'W Elov (mas])
& EMZ Ol ‘ENzo1 1928  see7 3273
B eMz02 emzoz 1928 g8ss 13
& EMZ 03 EMz03 1926 9867 3575

LOCATION

0 500 1,000
ST O SRR WY Y (A |

2,000 Meters

Figure 5. Homogeneous cartographic landscape units and meteorological stations

location.

Table 6. Selected units for the meteorological stations.

Criteria EMZ-01 EMZ-02 EMZ-03
Biophysical representativeness
Elevation (masl) 3273 3413 3 575
Slope (%) 0-2 >40 8-15
Geoforms interl"?'\lonzl?']i;ﬂa:c/alley Steep hillsides ~ NCiined tops of
dissected by streams [StH] volcanic dome
[AFIVDS] [ITVD]
Climate type Cc(w2)(w)ig Cc(w2)(w)ig Cc(wy)ig
Vegetation Grassland Fir Pine-Alder
Clear location Yes Yes Yes
Level ground Yes Yes Yes
Close to operator Yes Yes Yes
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Easy access Yes Yes Yes

The weather stations were installed considering the desire to give continuity to prior records of
meteorological data. First, station EMZ-01 was located at an altitude of 3 273 masl in an
almost flat intermountain valley intersected by streams with grassland vegetation and a

temperate semi-cold climate.

The station EMZ-02 is located on a steep hillside with an altitude of 3 413 masl, 140 m
higher than the EMZ-01. This is relevant for knowledge of climate behaviour in the thermal
belt that can occur in this unit's altitudinal range. The vegetation is an Oyamel Fir Forest.
This species is significant for the research carried out here in ecological landscape planning
(Lomas-Barrié et al., 2005), forest research (Martinez-Santiago et al., 2017) or land use

change (Paredes-Gonzalez et al., 2018). It has the same climate type as the latter.

The station EMZ-03 is located on a steep hillside at an altitude of 3 575 masl, 162 m higher
than EMZ-02 and 302 m higher than EMZ-01. The station's location is relevant for
knowledge of the climate behaviour in this altitudinal range to have the meteorological
information in an altitudinal transect. The natural vegetation cover is a forest with a pine-
alder association, which is also essential for the research carried out in the area. Figure 1

shows the location of the three stations in the sites that satisfied the site criteria.

Calibration tests of the meteorological stations

Calibration tests of the stations were conducted with reference equipment belonging to the
Department of Meteorology of the Universidad Auténoma Chapingo. Using a t-test for two
samples, assuming unequal variances for each of the sensors with 30-minute intervals

between data collections for a week, we obtained 336 samples for statistical analysis. The
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tests comprehended the periods from July 8 to July 14, 2016, for stations EMZ-01 and EMZ-
02, while for station EMZ-3, the period was June 2 to June 8, 2016.

For stations EMZ-01 and EMZ-02, calibration tests of the temperature, humidity, solar
radiation, UV radiation, air pressure, wind speed and direction sensors were conducted. The
data from the test station were compared with the data of the reference station. The
statistical t-value for the sensors of the two stations was far below the critical t-value of the
two tails (1.96). It is thus assumed that the test of means demonstrated that the data are

statistically equal since there are no significant differences between samples.

Calibration tests were conducted on the sensors of each station. We found significant
differences in temperature and humidity sensors and calibrated them. Calibration is a
systematic process for modelling climatic variables (Torres-Quezada et al., 2021) or agronomic
crop prediction (Corvino et al., 2018). The statistical analysis did not significantly differ in the
air pressure, wind speed and direction sensors. The precipitation sensor data were validated
with the reference station using an artificial rainfall test with rain simulator equipment because
no rain was recorded during the testing period. Moreover, the artificial rainfall test offers more

certainty in collecting data.

There was a significant difference between samples in the temperature sensor, so an
adjustment of -0.78 °C was made in the Arduino programming code. It was again tested for
one week, and the statistical analysis was repeated. The samples showed no significant
differences, and the sensor was considered calibrated (Figure 6). For the humidity sensor, a
significant difference was found between samples. An adjustment of +2.34 % was made in
the Arduino programming code, and the calibration tests were again run for one week. We
found that the statistical t-value is lower than the two-tailed critical t-value and thus

assumed no significant differences between the samples.

Prueba t para dos muestras suponiendo varianzas desiguales Prueba t para dos muestras suponiendo varianzas desiguales
Sensor de temperatura Sensor de temperatura

Referencia  EMZ_01 Referencio EMZ-02
Media 18.053125 18.055506 Media 18.053125 183674107
Varianza 23.6164007 244793203 Varianza 23.6164007 24.4675392
Observaciones 336 336 Observaciones 336 336
Diferencia hipotética de las media 0 Diferencia hipotética de las medias 0
Grados de libertad 670 Grados de libertad 670
Estadistico t 00062031 Estadistico t -0.8307957
P{T<=t) una cola 049749036 P(T<=t una cola 0.20319249
Valor critico de t (una cola) 164713108 Valor critico de t (una cola) 164713108
P{T<=1) dos colas 0.99498071 P(T<=t) dos colas. 0.40638499
Valor critico de t (dos colas) 1.96351098 Valor critico de t (dos colas) 196351098

Prueba de calibracion sensor de temperatura
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Prueba de calibracién sensor de HR

Prueba de calibracién sensor de radiacion solar

Prueba de calibracién sensor de presion

Prueba de calibracién pluviémetro

bracién del anemometro

Relative humid

Prugba t para dos muestras suponlendo varianzas desiguales
Sensor de humedad relativa

Referencia__EMZ_01

Prueba t para dos muestras suponiendo varianzas desiguales
Sensor de humedad relativa

Referenca___EMZ_02

Media 63.9642857  65.4375 Meda €3.5642857 62.6004762
Varianza 436.589765 419.034888 Varianza 436.589765 452.315849
Observaciones 33 336 Observaciones 336 336
Diferencia hipotética de las medi 0 Diferencia hipotetica de las medias 0
Grados de libertad 670 Grados de libertad 670
Estadistico t -0.92319% Estadistico t 0.78315244
P{T<=t) una cola 017811871 PiT<=tj una cola 0.216%0717
Valor critico de t (una cola) 164713108 Valor critico de t {una cola) 164713108
P(T<=t) dos colas 0.35623741 PiT<=t) dos colas 0.43381433
Valor critico de t (dos colas) 196351098 Valor critico de t {dos colas) 196351098

Solar radiation

Prueba t para dos muestras suponiendo varianzas desiguales
Sensor de radiacién solar

Prueba t para dos muestras suponiendo varianzas desiguales
Sensor de radiacion solar

Referencic___EMZ 01

Referencia___EMZ_02

Media 252044643 257.895833 Media 252044643 252573214
Varianza 120916.132 126887.932 Varlanza 120916.132 123291507
Observaciones EE 336 Observacionas 336 336
Diferencia hipotética de las mediz 0 Diferencia hipotética de las mediz 0
Grados de libertad 670 Grados de libertad 670
Estadistica t 02154565 Estadistico t -0.0344433
P(T<=t) una cola 0.41473849 P(T<=t} unacola 0.48626634
Valor critico de t {una cola) 164713108 Valor critico de t {una cola) 164713108
P(T<=t) dos colas 0.82847697 F(T<=1) dos colas 057253388
Valor critico de t (dos colas) 1.96351088 Valor critico da t (dos colas) 1.96351098

Pressure

Prueba t para dos muestras suponienda varianzas desiguales
Sensor de presion

Referencia __EMZ 01

Prueba t para dos muestras suponiendo varianzas desiguales
Sensor de presion

Referencia___EMZ 02

Vedia 100843445 1008.60083 Media 1005.43839 1008.44583
Varianza 479670623 976892457 Varianza 481498285 8.11562438
Observaciones 336 336 Observaciones 336 336
Diferencia hipotética de las medias o Diferencia hipotética de las medias 0
Grados delibertad 600 Grados de libertad 629
Estadistico t -0.7934282 Estadistico t -0.0348938
P[T<=t) una cola 0.21217926 PT<=1) una cola 048608773
Valor critico de t (una cola) 1.64739719 Valor eritico de t (una cola) 164727975
P{T<=t) dos colas 0.42435852 PT<=1) dos colas 097217546
Valor critico de t {dos colas) 1.96392562 Valor critico de t {dos colas) 156374263

Rain

Prucba t para dos muestras suponienda varianzas iguales
sensor de i

Referencia___EMZ_01

Prugba t para dos muestras suponiendo varianzas iguales
Sensor de precipitacion

Referencia__EMZ_02

Media 0.00169643 0.00166667 Media 000165643  0.00166667
Varianza 8694505 B258TE0S varianza 8.6964£-05 885S7E05
Observaciones 336 336 Observaciones 336 336
Varianza agrupada 84776605 Varianza agrupada 87761605
Diferencia hipotética de as medias 0 Diferencia hipotstica de las medias
Grados defibertad 670 Grados de libertad 570
Estadisticot 0.04183665 Estadstico t 0041178
e e o o Looru iy waco oassseans
Preet dosolas footiednt Valor critico de t (una cola) 164713108
Valor critico de t (dos colas) 196351098 F{F<={) doscolas 0.96716626
Valor ritico de t (dos colas) 196351098

Prueba t para dos muestras suponiendo varianzas desiguales
Sensor de velocidad de viento

Prueba t para dos muestras suponiendo varianzas desiguaes
Sensor de velocidad del viento

Referencio __ EMZ 01

Referencia___EMZ_0Z

Media 12498511 116845238 Media 124985119 1.27410714
Varianza 156560446 150550924 Varianza 156560446 1.65308875
Observaciones 336 336 Observaciones 336 336
Diferencia hipotética de Ias medias 0 Diferencia hipotética de las medias 0
Grados de libertad 670 Grados de libertad 670
Estadistico t 0.85141196 Estadistico t -0.2478267
P{T<=t) una cola 0.19742237 P{T<=t) una cola 040217218
Valor critico de t (una cola) 164713108 Valor critico de t (una cola) 164713108
P{T<=t) dos colas 0.39484475 P(T<=t) dos colas 030434439
Valor critico de t {dos colas) 1.96351098 Valor critico de t (dos colas) 196351098

Prueba t para dos muestras suponiendo varianzas desiguales = Two-sample t-test assuming unequal
variances; Referencia = Reference; Media = Mean; Varianza = Variance; Observaciones =
Observations; Diferencia hipotética de las medias = Hypothetical difference of means; Grados de
libertad = Degrees of freedom; Estadistico t = t statistic; P(T=<t) una cola = One-tail P(T<=t); Valor
critico de t (una cola) = Critical t value (one tail); P(T=<t) dos colas = Two-tailed P(T<=t); Valor
critico de t (dos colas) = Critical t value (two tails).

Figure 6. Calibration test of temperature sensors.
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The statistical t-values for the air pressure, wind speed, and direction sensors were far
below the critical t-value (two-tailed). We thus assumed that the test of means
demonstrates that there are no significant differences in the samples. As for the
precipitation sensor, the data were validated by comparing the readings of the artificial
rainfall equipment with those recorded by station EMZ-03, resulting in similar recorded

amounts of rain.

First data calibration

After installing the stations, we configured the WeatherLink consoles of stations EMZ-01
and EMZ-02. For station EMZ-03, the Arduino program code was downloaded. Later, we
verified that the data collection was correct. Figures 7 and 8 present the data from the
meteorological stations' first 20 days of operation. In the graphs, weather differences in
each unit can be observed, underlining those caused by different altitudes, vegetation and

geoform at which the stations were installed.
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Figure 7. Data from the three stations of a) Temperature, b) Humidity, c) Solar radiation,
and d) UV radiation.
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Figure 8. Data from the three stations of a) Pressure, b) Precipitation, c) Wind speed, and
d) Wind direction.

A data-collection schedule was programmed for collection during the first week of each
month. Recovery of the data is manual. The operator must download the data monthly
to a laptop with a USB port. Data are transferred automatically by connecting the USB
cable of the datalogger to a portable computer. For station EMZ-03, the microSD
memory of the station must be removed to copy the data in the computer and later

return it to the station and again program it with the Arduino programming code.

The results pay off in developing open-source climate monitoring systems, fostering
collaboration and improving infrastructure (Lin and Zini, 2008). The use of free software
allows weather stations to be adapted by modifying and adjusting their components
(Stallman, 2004). In addition, using the Arduino system allowed reaching the goal without
being an expert programmer or having high financial resources, which is one of its
advantages (Ferdoush and Li, 2014; Katyal et al., 2016). The results will establish bases for
a climate monitoring system in the experimental area of Zoquiapan, providing detailed
information and construction of better climate, forest fire and meteorological risk maps
(Meulenert et al., 2005; Adepoju et al., 2020).

Installing automatic equipment has proven to be effective in obtaining climatic information.
As shown, it is possible to use automatic stations programmed with Arduino. In areas of
complex relief and difficult access, they are a viable option (Martinez del Castillo et al.,
2012). It was noticed that the records were sufficient to show the representativeness of the
complexity of the landscape and climate in the three sites studied. Representativeness is a
fundamental criterion for urban and rural planning because it makes processes more
efficient (Yang and Regan, 2014). In addition, installing equipment with Arduino allows for
updating weather stations with many years of operation (Faugel and Bobkov, 2013).

Conclusions
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A meteorological monitoring system, following landscape and representativeness with three
weather stations, was implemented with good performance. Data from the first 20 days of
operation revealed differences between weather stations; therefore, the altitudinal
trajectory was acceptable. The low-cost Arduino-based weather station effectively collected
and stored information in digital format. Our results contribute to the discussion and
establishment of low-cost weather stations for local data information. New studies should
include a more significant number of sensors and wireless connections, including data

transfer.
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