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Abstract

Understanding microclimatic variability at the land—atmosphere interface is essential for
improving knowledge of atmospheric moisture dynamics in heterogeneous mountainous
ecosystems. This study analyzes atmospheric relative humidity and soil moisture varia-
bility in an experimental Juglans neotropica Diels plantation located in the Ecuadorian An-
des under real field conditions. An autonomous photovoltaic-powered monitoring system
equipped with low-cost environmental sensors was deployed continuously for 60 days,
generating more than 86,000 environmental measurements of atmospheric relative hu-
midity above and below the canopy, together with soil moisture observations. The results
revealed persistent vertical humidity stratification associated with canopy structure, char-
acterized by systematically higher atmospheric humidity beneath the canopy compared
to the upper atmospheric layer (ARH = -36%). Strong intersensor coherence was observed
between canopy levels (r = 0.8535), indicating stable temporal consistency in atmospheric
variability patterns throughout the monitoring period. Soil moisture exhibited compara-
tively more stable temporal dynamics than atmospheric humidity, suggesting partial mi-
croclimatic decoupling between atmospheric and edaphic layers. The observed humidity
gradients remained temporally stable during both daytime and nighttime conditions, sup-
porting the interpretation of canopy-mediated atmospheric buffering processes within the
plantation environment. From an ecological perspective, the results indicate that vegeta-
tion structure contributes to localized moisture retention, attenuation of short-term atmos-
pheric fluctuations, and regulation of near-surface microclimatic conditions under heter-
ogeneous Andean environmental conditions. Rather than focusing on instrumentation
performance, the study provides empirical evidence of persistent canopy-related atmos-
pheric regulation and moisture stratification in a native Andean forest species under con-
tinuous field monitoring conditions. These findings contribute to the understanding of
land-atmosphere interactions, ecohydrological dynamics, and vegetation-mediated mi-
croclimatic regulation in mountainous ecosystems.
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1. Introduction

Ecuador’s geographic diversity, shaped by the interaction of the Andes mountain
range, oceanic currents, the Amazon basin, and pronounced edaphic heterogeneity, has
led to the recognition of at least 91 ecosystems, positioning the country among the most
biodiverse regions worldwide [1]. This environmental complexity, together with forest
cover representing approximately 56% of the national territory, highlights the importance
of forest ecosystems in regulating environmental processes and supporting sustainable
development [2]. However, these ecosystems are increasingly threatened by deforestation
rates ranging from 0.4% to 2.4% per year, resulting in significant biodiversity loss and
degradation of ecosystem functionality [2].

Although forestry activities are primarily concentrated in coastal and Amazonian re-
gions, Andean forests have experienced particularly severe degradation. By 2018, these
ecosystems had lost nearly 52% of their original extent, mainly due to agricultural expan-
sion and the introduction of exotic species such as Eucalyptus globulus, Pinus radiata, and
Pinus patula [3-5]. Among the remaining inter-Andean montane forests —representing ap-
proximately 19.9% of Ecuador’s forest cover —native species of high ecological and envi-
ronmental relevance persist, including Juglans neotropica Diels [6,7].

Juglans neotropica Diels, commonly known as “nogal” or “tocte,” is distributed dis-
continuously along the Andean regions of Venezuela, Colombia, Ecuador, and Peru [8].
Due to habitat transformation, this species is currently classified as endangered and is
more frequently found as isolated individuals in agroforestry systems or urban environ-
ments than in its original natural habitats [9].

Figure 1 illustrates a representative specimen located at the Yuyucocha Campus of
the Universidad Técnica del Norte (Ibarra, Ecuador). Owing to its adaptability to de-
graded soils and its role in moisture retention and ecological restoration, this species is
considered a priority for sustainable forest management in Andean environments [8].

—
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Figure 1. Juglans-neotropica-Diels Plantation at the Yuyucocha Campus, Universidad Técnica del

Norte (Ibarra, Ecuador).

From an environmental perspective, understanding microclimatic variability in na-
tive forest plantations is essential for analyzing land—atmosphere interactions, particu-
larly in relation to atmospheric moisture dynamics, soil water behavior, and vegetation-
mediated environmental regulation processes [10]. Variables such as relative humidity
and soil moisture play a critical role in regulating near-surface atmospheric conditions
and plant-water interactions [10].

Recent advances in environmental monitoring have enabled the acquisition of con-
tinuous high-resolution datasets capable of characterizing atmospheric variability under
complex environmental conditions [11].
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In particular, low-cost sensor networks have increasingly been used for microclimatic
monitoring due to their accessibility, scalability, and suitability for deployment in remote
ecosystems [12,13]. Previous studies have demonstrated the potential of distributed sens-
ing systems for evaluating canopy-induced humidity gradients, vegetation buffering ef-
fects, and soil-atmosphere interactions in forested environments [14-16].

Recent international studies have highlighted the importance of continuous environ-
mental monitoring for understanding microclimatic regulation in forested and mountain-
ous ecosystems [17]. Several investigations conducted in tropical and temperate forests have
reported that vegetation structure can significantly modify near-surface atmospheric condi-
tions through canopy shading, moisture retention, and reductions in atmospheric turbu-
lence [18]. Likewise, previous studies using autonomous environmental monitoring systems
have demonstrated the usefulness of high-frequency humidity observations for evaluating
vertical atmospheric stratification and microclimatic stability under forest canopies [19-21].

These studies indicate that continuous monitoring approaches can provide valuable
information regarding land-atmosphere interactions and moisture variability under het-
erogeneous environmental conditions [22]. However, many previous investigations have
been conducted either under controlled experimental conditions or using conventional
meteorological stations with limited vertical resolution [23]. Consequently, simultaneous
observations above and below the canopy under real field conditions remain relatively
limited, particularly in tropical Andean ecosystems [24].

However, despite these advances, significant limitations remain in tropical and An-
dean mountainous ecosystems, where environmental heterogeneity, steep topography,
and rapidly changing atmospheric conditions complicate continuous field observations
[19]. Most previous studies have focused either on conventional meteorological stations
or on short-term measurements, frequently lacking simultaneous monitoring above and
below the canopy under real field conditions [21]. Furthermore, relatively few studies
have explored the combined variability of atmospheric relative humidity and soil mois-
ture in native Andean Forest species using autonomous low-cost monitoring systems [20].

In this context, the present study analyzes microclimatic variability in an experi-
mental plantation of Juglans neotropica Diels located in the Andean region of Ecuador. The
research focuses on the characterization of atmospheric relative humidity and soil mois-
ture dynamics under real field conditions, with the objective of identifying patterns of
temporal variability and evaluating their consistency across canopy levels. Particular at-
tention is given to the persistence of vertical humidity gradients and to the role of canopy
structure in regulating near-surface atmospheric moisture.

Unlike previous studies focused primarily on conventional meteorological observa-
tions or short-term environmental measurements, this research provides continuous high-
resolution field evidence of microclimatic stratification in a native Andean forest species
under real environmental conditions. The study emphasizes the empirical identification
of persistent humidity differences between canopy strata, contributing to the understand-
ing of canopy-induced atmospheric buffering processes and vegetation-mediated mois-
ture regulation in heterogeneous mountainous ecosystems [25].

The study also examines the extent to which these variables can be interpreted as
indicators of coupled processes within the soil-plant-atmosphere continuum, contrib-
uting to the understanding of land-atmosphere interactions in mountainous ecosystems.
Rather than focusing on predictive environmental modeling, the study emphasizes em-
pirical characterization of microclimatic dynamics through continuous autonomous mon-
itoring under real field conditions. In this sense, the principal scientific contribution of this
work lies in the characterization of persistent atmospheric moisture stratification and can-
opy-related microclimatic regulation in Juglans neotropica Diels plantations within the Ec-
uadorian Andes [26].
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2. Materials and Methods
2.1. Study Area

The study was conducted in an experimental Juglans neotropica Diels plantation lo-
cated at the Yuyucocha Campus of the Universidad Técnica del Norte (UTN), in Ibarra,
Imbabura Province, Ecuador (0°2124" N; 78°07'18" W; 2256 m a.s.l.), as shown in Figure
2. The site is characterized by a temperate montane climate, with a mean annual temper-
ature of 16 °C, an average relative humidity of 78%, and an atmospheric pressure of ap-
proximately 0.75 atm [27-29]. These environmental conditions are representative of An-
dean ecosystems where Andean walnut (Juglans neotropica Diels) is cultivated and provide
a suitable setting for analyzing its hydric and energy balance dynamics [29,30].
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Figure 2. Plantation site at the Yuyucocha Campus, Universidad Técnica del Norte (Ibarra, Ecuador).
The red polygon outlines the study plantation, and the red square indicates its location within Imba-

bura Province.

To provide an independent point of comparison for the measurements obtained from
the developed system, a reference relative humidity sensor (RHref) was installed within
the experimental plot. This sensor served as an operational reference for the local atmos-
pheric conditions. It was positioned within the same study area as the photovoltaic mon-
itoring device, at canopy height and under comparable exposure conditions, thereby en-
suring spatial coherence between the datasets. The RHref sensor does not constitute a
metrological ground-truth measurement; rather, its function is to serve as an independent
operational benchmark for assessing the consistency, stability, and relative performance
of the low-cost sensors integrated into the monitoring system under real field conditions.

The experimental area comprised 24 representative sampling points within the plot,
where soil samples were collected at depths of 30 cm and 60 cm. All sampling tools and con-
tainers were previously sterilized to prevent cross-contamination. The samples were homog-
enized and submitted to the certified laboratory of the Agency for Phytosanitary and Zoosan-
itary Regulation and Control (AGROCALIDAD) for analysis of pH, texture, and macro- and
micronutrient content. The results indicated pH values ranging from 7.24 to 8.16, correspond-
ing to slightly alkaline to alkaline soils, with low organic matter content (1.31-1.52%) and ni-
trogen deficiency (0.07-0.08%). These characteristics may constrain water retention capacity
and limit the availability of essential micronutrients such as iron and zinc [31].

According to the same analyses, the predominant soil textures were loam, sandy
loam, and silty loam, which provide a balance between drainage and moisture retention.
However, sandy loam soils exhibit greater susceptibility to nutrient leaching. The meas-
ured field capacity values (20-27%) and available water content (9-12%) are considered
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suitable for the establishment of Juglans neotropica Diels, provided that appropriate water
management practices and vegetative cover strategies are implemented [32-34]. For the
climatic characterization of the study area, a database provided by INAMHI (2025) was
used, corresponding precisely to the geographical coordinates of the experimental site.
To complement the environmental characterization of the study area, Figure 3 presents
the temporal climatic profile recorded during the monitoring period based on the measured
environmental variables available at the experimental site. The figure includes the variation
in air temperature and relative humidity, which are key parameters influencing microcli-
matic behavior and land-atmosphere moisture interactions within the Juglans neotropica
plantation. The observed conditions show relatively stable temperature values throughout
the monitoring campaign, while relative humidity exhibited greater temporal variability as-
sociated with local atmospheric dynamics and diurnal environmental fluctuations.
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Figure 3. Climatic profile of the study area during the monitoring period based on measured air

temperature and relative humidity.

2.2. Hybrid Measurement System

The developed measurement system consisted of an autonomous hybrid prototype
powered by a 15 W photovoltaic panel and a 10,000 mAh battery, ensuring continuous
operation even under low solar radiation conditions. The photovoltaic panel was covered
with a transparent polyethylene sheet of 200 um thickness to prevent damage from rain
or dust accumulation.

The device incorporated two DHT11 sensors installed at heights of 20 cm and 75 cm
above ground level to record the vertical gradient of air relative humidity. This configu-
ration enabled simultaneous measurements of microclimatic conditions near the lower
and upper canopy foliage, which may support future evapotranspiration-related analyses
[12,13]. Additionally, a capacitive soil-moisture sensor was installed at a depth of 25 cm
to monitor temporal variations in water content within the root zone.

Data were automatically stored on a microSD card through an SPI module controlled
by an Arduino Nano microcontroller. An LCD display with an I?C interface was included
for local data visualization, as shown in Figure 4.
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Figure 4. Monitoring system electronic diagram.

This device enabled the simultaneous acquisition of atmospheric and soil humidity
data with a temporal resolution of one minute, establishing an observation framework
that integrates atmospheric and edaphic dimensions through an autonomous photovol-
taic power supply. The hybrid architecture of the system combines low-power electronics,
distributed sensing, and renewable energy supply, enabling stable long-term monitoring
under rural field conditions where electrical infrastructure is limited.

Sensor Calibration and Metrological Considerations

Calibration tests were conducted across a wide relative humidity range (15-95% RH)
under ambient temperature conditions, evaluating the consistency of DHT11 readings rel-
ative to the reference instrument. The calibration procedure included repeated measure-
ment cycles performed under quasi-stable environmental conditions in order to evaluate
repeatability and intersensor consistency [35]. For each calibration stage, multiple obser-
vations were recorded to reduce random fluctuations and identify systematic deviations
between sensor responses and the operational reference instrument [35,36].

The calibration analysis incorporated descriptive statistical indicators, including
mean absolute error (MAE), root mean square error (RMSE), and average relative devia-
tion between measured and reference humidity values [37]. According to the manufactur-
er's specifications, the DHT11 sensor provides a typical relative humidity measurement
accuracy of +5% RH within an operational range of 20-90% RH and a measurement reso-
lution of 1% RH [35]. During repeated calibration and verification cycles, the observed
intersensor deviations remained within the expected operational tolerance range of the
sensor, demonstrating stable temporal behavior under quasi-stable environmental condi-
tions. Systematic deviations identified during the calibration process were corrected
through deterministic adjustment functions implemented in MATLAB, improving the
temporal consistency of the recorded environmental signals [37].

This calibration procedure was performed prior to field deployment and comple-
mented by periodic verification checks during the experimental phase. These verification
procedures were preferentially conducted during nighttime periods, when atmospheric
conditions exhibit greater thermal stability and reduced solar radiation influence. This
strategy facilitated the detection of potential sensor drift and condensation-related effects,
which are recognized operational limitations in low-cost capacitive humidity sensors un-
der high-humidity conditions [38,39].

Rather than providing strict metrological ground-truth validation, the adopted cali-
bration framework was intended to ensure operational consistency, temporal coherence,
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and intersensor agreement under real field conditions. This approach is consistent with
validation methodologies commonly employed in low-cost environmental sensing sys-
tems used for long-term field monitoring applications [37].

Soil moisture calibration was performed using an indirect gravimetric approach, cor-
relating the TEROS 10 sensor voltage response with volumetric water content values ob-
tained from controlled soil drying and wetting cycles [21]. A polynomial fitting function
was applied between voltage output and gravimetrically derived volumetric water con-
tent values, improving sensor consistency under local soil conditions [40].

Although low-cost environmental sensors inherently present limitations in absolute
metrological precision and sensitivity under rapidly changing environmental conditions,
the combined calibration strategy adopted in this study ensured stable and reproducible
measurements suitable for comparative microclimatic analysis and temporal variability as-
sessment [37,41]. From a functional perspective, the implemented framework prioritizes op-
erational stability, temporal consistency, and intersensor coherence, which are critical attrib-
utes for continuous environmental monitoring in rural agroforestry environments [41].

2.3. Data Processing and Microclimatic Analysis

The data were processed in MATLAB R2025b using a sequential scheme that in-
cluded: (i) reading and temporal conversion of records, (ii) cleaning and removal of out-
liers, (iii) temporal smoothing using a moving average, (iv) derivation of microclimatic
variables, and (v) classification into daytime and nighttime periods. To process the data
at the electronic level, different mathematical methodologies were applied to reduce var-
iations produced during data acquisition. The computational processing engine used in
this research implemented a centered three-hour smoothing, expressed as:

1
Xsmooth (1) = 3 [X(t—l) + Xt X(t+1)] 1)

From the smoothed signals, key indicators were derived:

e  Humidity gradient between upper and lower sensors:
ARHcanopy = SZHsmooth - S1Hsmooth (2)

¢  Moving average humidity of the device:

S1Hgmooth + S2ZHsmooth
2

RHpean = ®)

where RH (%) denotes the instantaneous relative humidity measured by each atmospheric
sensor; S1Hgpoom (%) corresponds to the smoothed relative humidity recorded below the
canopy; S2Hgmeom (%) represents the smoothed relative humidity measured above the can-
opy; ARHeanopy (%) is the vertical relative humidity gradient between canopy levels, de-
fined as ARHcanopy = S2ZHsmooth = S1Hsmooth; RHmean (%) is the mean relative humidity of
the monitoring system computed from both atmospheric sensors; x(t) denotes the raw sen-
sor signal at a discrete time t; Xg00tn(t) represents the temporally smoothed signal at time
t; tis the discrete time index of each measurement, and the temporal window refers to a
centered moving window of three hours used for temporal smoothing.

The day/night classification was performed based on local solar time, defining the
daytime period between 07:00 and 18:00 h, considering sunrise in the study area, and the
nighttime period between 19:00 and 06:00 h. This separation allowed the evaluation of
differences in the hygrothermal behavior of the canopy and its influence on transpiration
and condensation processes.
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3. Results

The data analysis was conducted on a total of 86,072 environmental measurements and
1506 calibration observations of atmospheric relative humidity below the canopy (S1H),
above the canopy (S2H), and soil moisture (Hsoil), obtained through an autonomous mon-
itoring system installed in an experimental Juglans neotropica Diels plantation. The monitor-
ing framework was powered by photovoltaic energy, enabling continuous environmental
observations under real field conditions throughout the experimental period.

The data processing workflow included the following stages: (i) physical cleaning of
relative humidity records within the operational range (0-100%RH), (ii) computation of
derived environmental indicators, (iii) robust regression fitting, (iv) classification of hu-
mid environmental conditions through threshold-based analysis (RHref > 65%), and (v)
generation of daytime and nighttime summaries of correlation coefficients, coefficients of
determination (R?), and root mean square error (RMSE) [42—44]. This analytical frame-
work enabled the characterization of temporal variability patterns and humidity differ-
ences between canopy levels under variable environmental conditions.

The monitoring system operated continuously for 60 days, recording atmospheric hu-
midity fluctuations above and below the canopy together with soil moisture variability
throughout the experimental plantation. The primary objective of the monitoring process was
to characterize microclimatic variability between canopy strata and evaluate temporal inter-
actions between atmospheric and soil moisture conditions under real field environments.

To ensure traceability and reproducibility of the analysis, an automated processing
framework was implemented in MATLAB, integrating data cleaning, feature extraction,
regression analysis, and visualization of statistical indicators. This approach enabled sys-
tematic and transparent processing of the environmental dataset acquired during the
monitoring campaign. The overall processing workflow is illustrated in Figure 5.

: - Data validation & . . ‘ . g Modeling / Outputs (metrics,
Inputs =) | Dataingestion |==p i b =) | Physical cleaning i-> Period stratification | = Rt = hrasseibias)

|

Figure 5. Flowchart of Data Ingestion, Cleaning, and Modeling Stages.

3.1. Descriptive Analysis of Atmospheric and Soil Humidity

The descriptive analysis revealed marked differences between atmospheric humidity
conditions above and below the canopy, as well as between atmospheric and soil moisture
dynamics throughout the monitoring period. These differences indicate the presence of
persistent microclimatic gradients associated with canopy structure and near-surface en-
vironmental regulation within the Juglans neotropica Diels plantation. From an ecological
perspective, the observed humidity stratification suggests that the vegetation layer ac-
tively modulates local atmospheric conditions by attenuating direct exposure to atmos-
pheric mixing and promoting moisture retention beneath the canopy [14].

The S1H sensor (installed beneath the canopy) recorded a mean relative humidity of
38.28% and a median of 38.44%, with a standard deviation of 15.03, indicating moderate
variability within a relatively humid and buffered microenvironment protected by the foli-
age. In contrast, the S2H sensor (positioned above the canopy) exhibited a lower mean value
of 30.64% and a standard deviation of 13.53, together with slight positive skewness (0.09)
and mildly platykurtic kurtosis (1.33). These statistical characteristics are consistent with
upper canopy layers that are more exposed to atmospheric mixing, ventilation, and short-
term environmental fluctuations. The relatively higher humidity conditions observed be-
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neath the canopy support the interpretation of canopy-induced atmospheric buffering effects
associated with vegetation-mediated microclimatic regulation processes [14].

Complementarily, soil moisture (Hsoil) exhibited a mean value of 69.99%, a median of
69.45%, and a standard deviation of 11.57, with low skewness (0.10) and kurtosis values close
to 2, indicating a comparatively stable hydric regime relative to atmospheric humidity varia-
bility, as illustrated in Figure 6. This behavior highlights the capacity of the soil layer to main-
tain sustained moisture conditions despite temporal fluctuations in the surrounding atmos-
pheric environment, suggesting partial microclimatic decoupling between soil and atmos-
pheric layers. From an environmental perspective, this decoupling behavior may reflect the
influence of canopy structure in regulating atmospheric moisture exchange while simultane-
ously promoting soil water retention under heterogeneous field conditions.

100
[ Daytime

90 | —[7 —1 Nighttime

80
70 - (e
60

ol e i

40 t

Relative Humidity (%)

30

20 | =5
10

i

Hsol (soil moisture) S1H (below canopy) S2H (above canopy)
Measurement variable

Figure 6. Boxplots of Atmospheric and Soil Humidity.

To complement the statistical analysis and provide a direct visualization of temporal en-
vironmental variability, Figure 7 presents the complete time series of atmospheric relative hu-
midity recorded by sensors SIH and S2H together with soil moisture (Hsoil) throughout the
monitoring period. The temporal representation highlights the persistence of humidity differ-
ences between canopy levels and reveals the contrasting temporal behavior between atmos-
pheric and soil moisture dynamics.

Atmospheric humidity exhibited higher-frequency fluctuations associated with daily en-
vironmental variability, whereas soil moisture presented smoother and more attenuated tem-
poral dynamics due to water retention processes within the soil profile. The time series also
demonstrate the persistence of relatively higher humidity conditions beneath the canopy
throughout most of the monitoring period, supporting the interpretation of canopy-induced
atmospheric buffering effects and localized moisture retention associated with vegetation
structure.

120 —— S1H: Bottom canopy | 25
110 | - ==~ S2H: Upper canopy

Hsoil
100 i

L
n
o

L
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o

Relative Humidity [%RH]
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Figure 7. Time series of atmospheric relative humidity measured below the canopy (S1H), above
the canopy (S2H), and soil moisture (Hsoil) during the monitoring period.
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The integrated interpretation of these results suggests that the Juglans neotropica Diels
plantation maintains differentiated microclimatic conditions between canopy layers, char-
acterized by relatively higher humidity accumulation beneath the canopy and compara-
tively more variable atmospheric conditions above the foliage layer. These observations
are consistent with the role of vegetation structure in regulating near-surface atmospheric
moisture and reducing direct exposure to atmospheric mixing processes [14]. Further-
more, the persistence of these vertical humidity gradients throughout the monitoring pe-
riod provides empirical evidence of vegetation-mediated atmospheric regulation and mi-
croclimatic stabilization within Andean forest environments.

3.2. Intersensor Relationship and Regression Analysis

To evaluate environmental coherence between canopy strata, several regression
models were tested, as presented in Table 1. Among the evaluated formulations, the dou-
ble inverse regression model provided the strongest empirical correspondence between
the relative humidity measurements recorded beneath the canopy (S1H) and those ob-
tained above the canopy (S2H). The objective of this analysis was not to establish a direct
physical or causal relationship between variables, but rather to evaluate the degree of
temporal coherence between atmospheric observations recorded at different canopy lev-
els under real field conditions.

Table 1. Correlation test under statistical regression models.

Model Correlation R-Square
Double Inverse 0.8535 72.84%
Inverse-Y Log-X -0.8512 72.45%
Inverse-Y Square Root-X -0.8453 71.45%
S Curve -0.8391 70.42%
Inverse of Y -0.8360 69.90%
Multiplicative 0.8347 69.67%
Square Root-Y Inverse of X -0.8278 68.53%
Logarithmic-Y Square Root-X 0.8277 68.50%
Square Root-Y Log-X 0.8222 67.61%
Exponential 0.8173 66.79%
Double Square Root 0.8146 66.36%
Inverse of X -0.8143 66.30%
Inverse-Y Square-X -0.8077 65.23%
Logarithm of X 0.8076 65.22%
Square Root of Y 0.8036 64.58%
Square Root of X 0.7994 63.90%
Linear 0.7878 62.06%
Log-Y Square-X 0.7866 61.87%
Square-Y Inverse of X -0.7828 61.28%
Square-Y Log-X 0.7739 59.89%
Square Root-X Square-X 0.7718 59.56%
Square-Y Square Root-X 0.7645 58.45%
Square of X 0.7548 56.97%
Square of Y 0.7518 56.52%
Double Square 0.7165 51.34%
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This empirical fitting yielded a correlation coefficient of r = 0.8535, indicating strong
temporal coherence between atmospheric humidity observations recorded above and be-
low the canopy. From an environmental perspective, this behavior suggests the existence
of persistent microclimatic coupling between canopy strata despite the differences in at-
mospheric exposure and vegetation shielding effects [15]. The parameters estimated using
the least squares method were: intercept = -0.00347 (p < 0.0001) and slope = 1.11028 (p <
0.0001), both statistically significant, as shown in Equation (4):

1

STH(%) = 111028 4)

—0.00347486 + S2H(%)

The analysis of variance (ANOVA) confirmed the overall significance of the fit (F =
4034.14; p <0.0001), with low residual variance (MS_resid = 5.45 x 10-%), indicating a stable
empirical correspondence between atmospheric humidity measurements obtained at dif-
ferent canopy levels under variable environmental conditions. However, the lack-of-fit
test (F = 57.01; p < 0.0001) suggests that the regression model does not fully capture the
complexity of the monitored microclimatic system, which is expected in continuous envi-
ronmental observations influenced by heterogeneous atmospheric processes.

Rather than representing a predictive environmental model, the fitted relationship
should be interpreted as an empirical representation of atmospheric coherence between
canopy strata. In this context, the observed statistical relationship supports the interpre-
tation of persistent environmental variability patterns associated with vegetation struc-
ture and canopy-mediated atmospheric regulation processes [15].

The negative intercept is associated with minor calibration differences and sensor
positioning effects, as illustrated in Figure 8, conditions commonly observed in vegetated
canopy environments where local ventilation and atmospheric exposure may vary [16].
Nevertheless, these effects did not prevent the identification of consistent temporal pat-
terns in atmospheric humidity variability between canopy levels.

The main statistical indicators supporting this environmental coherence are pre-
sented in Table 2, where the parameters of the fitted model are summarized. These results
provide additional evidence of the persistence of differentiated atmospheric conditions
between canopy strata throughout the monitoring period.

Table 2. Analysis of Coefficients for the Simple Regression Method.

Model Intercept Slope
Minimum Squares -0.00347486 1.11028
Standard 0.000263181 0.0174807
Statistical -13.2033 63.5149
p-Value 0.0000 0.0000
M.A.D. -0.00441114 1.11076

The ANOVA analysis remained statistically significant (F = 4034.14; p < 0.0001),
whereas the lack-of-fit test confirms that the regression should be interpreted strictly as a
descriptive empirical fit of the correspondence between atmospheric observations rather
than as a mechanistic environmental model of the system [15].
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3.3. Model Robustness and Residual Diagnostics

The residual diagnostics revealed positive temporal autocorrelation within the envi-
ronmental monitoring series, indicating that atmospheric humidity conditions evolved
continuously over time rather than as independent observations. The Durbin-Watson sta-
tistic (DW = 0.0287) reflects temporal dependence characteristic of continuous microcli-
matic processes and persistent environmental variability under field conditions [45].

Standardized residuals remained predominantly within the +2 interval, while 127
outliers and 119 influential observations were identified through influence and Cook’s
distance analyses. Although these observations represented less than 10% of the total da-
taset, they are consistent with transient environmental fluctuations commonly observed
in heterogeneous atmospheric environments, including short-term humidity transitions
and localized atmospheric disturbances associated with natural microclimatic variability.

To reduce the influence of extreme observations while preserving the environmental
structure of the dataset, a robust regression adjustment was applied. This approach facil-
itated a more stable interpretation of temporal humidity variability under heterogeneous
atmospheric conditions [45].

The observed temporal autocorrelation is consistent with the continuous nature of
soil-plant-atmosphere interactions and the persistence of environmental moisture dy-
namics in forested ecosystems. In this context, the statistical behavior identified in the
monitoring series reflects the intrinsic continuity of microclimatic processes rather than
anomalous behavior within the environmental observations.

From an environmental perspective, the results support the interpretation of persis-
tent atmospheric variability and canopy-related microclimatic dynamics under real field
conditions. The continuity observed in the monitoring series provides empirical evidence
of temporally structured environmental behavior associated with vegetation-mediated at-
mospheric regulation processes.

3.4. Temporal Dynamics: Daytime and Nighttime Behavior
3.4.1. Coherence with Reference Humidity (RHref)

To evaluate the temporal coherence of the environmental observations obtained un-
der field conditions, an additional relative humidity sensor (RHref) was incorporated
within the same experimental plot under comparable environmental exposure conditions.
This independent signal was used as an operational reference for comparative analysis of
temporal atmospheric variability and intersensor coherence within the monitored micro-
climatic environment.

It is important to clarify that the RHref sensor was not intended to provide a metro-
logical ground-truth reference. Instead, it was employed as an independent operational
reference signal whose primary function was to evaluate temporal consistency and com-
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parative environmental coherence under real field conditions. This approach is consistent
with methodologies commonly applied in low-cost environmental monitoring studies,
particularly in rural and heterogeneous environments where the deployment of high-pre-
cision meteorological instrumentation is often limited [46].

The analysis of daily variability, considering daytime (n = 59) and nighttime (n = 60)
periods, revealed weak correlations between RHref and RH_mean_disp, defined in this
study as the temporal average of the relative humidity measurements recorded by the mon-
itoring device (S1H and S2H) for each analysis period. During daytime conditions, the cor-
relation was r = -0.094 (R? = 0.011; RMSE = 11.8), whereas nighttime conditions showed a
moderate improvement (r =-0.219; R? = 0.044; RMSE = 12.9), as shown in Figure 9.

Rather than indicating anomalous behavior within the monitoring framework, these
low correlations likely reflect the strong spatial heterogeneity and dynamic atmospheric
variability characteristic of microclimatic processes under real field conditions [47]. In het-
erogeneous canopy environments, localized atmospheric fluctuations, short-term turbu-
lence, and differences in vegetation shielding may produce substantial variability even
between sensors installed within the same experimental area.
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Figure 9. Relationship between measured humidity: (a) During day period; (b) During night period.

The greater coherence observed during nighttime conditions is consistent with en-
hanced thermal stability and the absence of direct solar radiation, conditions that reduce
convective activity and attenuate short-term atmospheric fluctuations [35]. Under these
conditions, atmospheric moisture dynamics tend to become more spatially homogeneous,
facilitating stronger temporal consistency between environmental observations recorded
at different locations within the plantation.

Within the intermediate relative humidity range (approximately 50-55%RH), in-
creased measurement dispersion was observed, resulting in greater variability in the com-
parison between RHref and the variables derived from the monitoring system. This be-
havior is attributed primarily to the inherent sensitivity limitations of low-cost capacitive
humidity sensors operating under rapidly changing atmospheric conditions. Similar be-
haviors have been reported in previous studies involving low-cost environmental sensing
technologies deployed under heterogeneous field environments [36].

To reduce the influence of short-term atmospheric fluctuations, the data were sub-
jected to temporal smoothing using a centered moving window, which attenuated high-
frequency variability associated with transient atmospheric disturbances and electronic
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acquisition noise. In this context, the larger dispersion observed within the 50-55%RH
interval should be interpreted as an operational characteristic of low-cost environmental
monitoring under dynamic atmospheric conditions rather than as a methodological defi-
ciency [38]. Overall, the analysis supports the interpretation that the environmental ob-
servations obtained during the monitoring campaign reflect the high spatial and temporal
variability characteristic of canopy-related atmospheric processes under real field condi-
tions. From an environmental perspective, the observed behavior reinforces the im-
portance of considering local atmospheric heterogeneity when interpreting microclimatic
humidity dynamics in forest ecosystems.

3.4.2. Vertical Humidity Gradient (ARH = S2H — S1H)

The relative humidity gradient (ARH) was consistently negative throughout the
monitoring period, confirming systematically higher moisture retention beneath the tree
canopy and demonstrating the presence of persistent vertical microclimatic stratification
within the Juglans neotropica Diels plantation. It is important to clarify that the negative
values of ARH (ARH = -36%) do not indicate negative relative humidity; rather, they rep-
resent the relative difference between the measurements recorded above the canopy (S2H)
and those obtained beneath the canopy (S1H). Consequently, negative ARH values indi-
cate that atmospheric humidity remained consistently higher within the microenviron-
ment protected by the foliage than in the more exposed upper atmospheric layer.

From an ecological perspective, this persistent vertical humidity gradient provides
empirical evidence of canopy-mediated atmospheric regulation processes under Andean
field conditions [39]. The canopy appears to function as a buffering layer that attenuates
direct atmospheric exchange, reduces short-term environmental fluctuations, and pro-
motes localized moisture retention beneath the foliage [46]. This behavior is consistent
with vegetation-mediated microclimatic regulation mechanisms commonly reported in
forest ecosystems characterized by heterogeneous environmental conditions [47].

The mean recorded ARH values were -36.0 + 19.1% during the daytime and -35.0 +
20.6% at night, evidencing a stable pattern of vertical moisture stratification (Figure 10).
The absence of statistically significant differences between daytime and nighttime condi-
tions (f-test, p = 0.7807) suggests that the canopy-induced humidity buffering effect per-
sists throughout the diurnal cycle despite thermal variability and changes in atmospheric
radiation conditions.

During daylight hours, the correlation between ARH and air temperature was posi-
tive (r = 0.35), indicating that increasing temperature conditions intensified the atmos-
pheric humidity gradient between canopy levels. In contrast, the relationship between
ARH and solar radiation was negligible (r =-0.01), suggesting that direct radiative forcing
was partially moderated by canopy coverage and vegetation shielding effects. During
nighttime conditions, both correlations weakened (r < 0.15), reflecting the greater atmos-
pheric stability associated with the absence of direct solar radiation.

The persistence of relatively higher humidity conditions beneath the canopy
throughout both daytime and nighttime periods indicates that the vegetation layer con-
tributes to maintaining localized atmospheric stability and moisture conservation within
the plantation environment. These observations are particularly relevant in mountainous
Andean ecosystems, where strong environmental heterogeneity and rapid atmospheric
transitions frequently influence near-surface microclimatic behavior.

From a land-atmosphere interaction perspective, the observed humidity stratifica-
tion suggests that Juglans neotropica Diels plantations may contribute to regulating near-
surface atmospheric moisture through vegetation-mediated environmental buffering pro-
cesses. This behavior may support soil moisture conservation and reduce direct exposure
to atmospheric mixing within the understory microenvironment [39].
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The continuous environmental dataset generated in this study, therefore, provides
empirical evidence of persistent canopy-related atmospheric regulation under real field
conditions. Rather than emphasizing the operational characteristics of the monitoring sys-
tem itself, the results contribute to the understanding of microclimatic dynamics, vertical
moisture stratification, and vegetation—atmosphere interactions within heterogeneous
Andean forest environments.

3.4.3. Classification of Humid Days (RHref > 65%)

The classification procedure identified that optimal relative humidity mean thresh-
olds of 18.05% for the daytime period and 16.49% for the nighttime period to optimize the
detection of high-humidity events. These thresholds were obtained through a grid-search
procedure applied to the monitored dataset and should be interpreted as operational clas-
sification parameters derived from the observed measurements, rather than as climatic
thresholds or environmental inference criteria.

During the daytime, the system achieved an accuracy of 96.6%, with perfect precision
and a recall of 96.6%, resulting in an F1 score of 0.983. Out of a total of 59 daily observa-
tions, 57 true positives and 2 false negatives were recorded, demonstrating that the device
successfully identified most high-humidity events detected by the operational reference
sensor. During the nighttime period, the classification was completely accurate, with no
false positives or false negatives, confirming the stability of the classification procedure
under lower radiation and temperature conditions.

When analyzing overall interperiod behavior, the system maintained highly con-
sistent performance, with an overall accuracy of 98.3%. The Kappa concordance coefficient
(Kappa=0.000) reflects the homogeneity of positive cases across the evaluated dataset and
should be interpreted within the context of operational classification performance.

Collectively, the statistical metrics obtained (correlation coefficient, coefficient of deter-
mination, RMSE, accuracy, precision, recall, and F1-score) enable a comprehensive evalua-
tion of the monitoring system’s operational performance under real field conditions. These
metrics quantify both intersensor coherence and the device’s classification capability,
providing quantitative evidence of its stability and reproducibility in situ. To facilitate the
interpretation of the results, the main performance indicators are summarized in Table 3.
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Table 3. Performance metrics of the classification system by period.
Threshol
Period reshold RMSE  Accuracy Precision  Recall F1

(%RH)

Daytime 18.05 11.8 0.966 1.000 0.966 0.983

Nighttime 16.49 12.9 1.000 1.000 1.000 1.000

Overall — — 0.983 1.000 0.983 0.992

Taken together, these results indicate that the system operates consistently under
both daytime and nighttime conditions, functioning as an operational humidity-event de-
tection tool within the monitoring framework. In this context, the classification procedure
should be understood as part of the device’s signal interpretation workflow rather than
as a predictive climatic model or environmental inference method.

Figure 11a shows the time series of relative humidity recorded by the device and the
reference sensor, along with the classification threshold. It can be observed that the hu-
midity peaks largely coincide between signals, demonstrating the system’s capability to
identify high-humidity conditions within the monitored dataset. Likewise, Figure 11b
presents the scatter plot between the values measured by the device and those obtained
from the reference sensor, where the points follow a consistent trend. The threshold lines
delineate the operational alert zones defined for the monitoring system.
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Figure 11. Plots of device versus reference relative humidity during daytime period. (a) Time-series
plot; (b) scatter plot.

During the nighttime period, an increase in classification stability was also observed, in-
dicating that this timeframe is suitable for verification and calibration procedures, as shown
in Figure 12a,b. The absence of false positives and the minimal number of false negatives in-
dicate stable classification behavior within the monitored dataset, supporting the system’s use
as an operational monitoring tool rather than as a predictive environmental model.

The comparative analysis of ARH revealed high consistency between the evaluated
periods. During the daytime, the average value was —36.04 + 19.06%, while at night it was
-35.03 + 20.56%, with no statistically significant differences (¢-test, p = 0.7807). Cohen’s
effect size (d = -0.051) indicated a practically negligible difference between both periods,
confirming that the system’s measurement behavior remains uniform under both daytime
and nighttime environmental conditions, as shown in Figure 13.
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Figure 12. Plots of device versus reference relative humidity during nighttime period. (a) Time-se-
ries plot; (b) scatter plot.
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Figure 13. Inter-period comparison of relative humidity measured by the device and the reference

sensor, using daytime and nighttime thresholds.

The graphical and metric results demonstrate that the system satisfies operational
reliability criteria for continuous environmental monitoring [37]. The classification proce-
dure provides a consistent mechanism for identifying high-humidity events within the
monitored dataset, supporting the interpretation of environmental signals obtained from
the photovoltaic monitoring device.

Rather than functioning as a predictive climatic model, the implemented methodol-
ogy operates as an observational and classification framework that enables the detection
of humidity variations under real field conditions. This distinction is important to avoid
overinterpretation of the classification results while preserving the practical value of the
monitoring system for agroforestry applications.

3.4.4. Time Under Saturation

The indicator Pct, representing the daily percentage of time with relative humidity
(RH) = 65%, recorded averages of 41.1% during the daytime and 38.5% at night, with var-
iability of + 23.3% and * 25.4%, respectively. These results indicate that the air remained
moderately humid for a significant proportion of time, suggesting favorable conditions
for reduced transpiration. The corresponding frequency distributions are shown in Figure
14, where daytime and nighttime periods are compared.
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Figure 14. Histograms of Pct_time with RH > 65% by period; (a) daytime; (b) nighttime.

This indicator complements the microclimatic analysis of the monitoring system and
can be integrated into water balance models or irrigation management strategies, lever-
aging the continuous recording capability of the photovoltaic system, which enables pre-
cise identification of critical ambient humidity conditions in real time.

3.5. Scientific Contribution and Applicability

The integrated analysis demonstrated that the autonomous instrumentation system
is capable of performing precise, stable, and continuous measurements under field condi-
tions. Over 60 days of operation, the device recorded 86,072 measurements of relative and
soil humidity, maintaining operational stability thanks to continuous photovoltaic power
supply and automatic battery management.

The high intersensor correlation between measurements taken below and above the
canopy (r = 0.8535) confirms the system’s reliability and validity. This performance is com-
plemented by the accuracy achieved in the classification of humid days (RHref > 65%),
where accuracies exceeded 96% during the day and 100% at night, with an average F1
coefficient of 0.992.

The vertical humidity gradient (ARH) was consistently negative (-36.04 + 19.06%
daytime and -35.03 + 20.56% nighttime; p = 0.7807; d = -0.051), confirming that the tree
canopy retains moisture and generates a more humid internal microclimate, in agreement
with previous studies on microclimatic regulation in neotropical ecosystems [21]. Com-
plementarily, the daily percentage of time with RH > 65% averaged 41.1% during the day
and 38.5% at night, indicating that the air remained moderately humid for approximately
40% of the time—reducing transpiration losses but increasing condensation risk [40].

These observations confirm the system'’s sensitivity and stability for capturing hydric
gradients and detecting critical humidity conditions under scenarios of thermal variabil-
ity. From an engineering perspective, the system integrates a deterministic and computa-
tionally efficient methodology that combines statistical automation with the physical ro-
bustness of the instrumentation, ensuring traceability, reproducibility, and minimal hu-
man intervention. This approach provides a foundation for the development of adaptive

https://doi.org/10.3390/atmos17070708



Atmosphere 2026, 17, 708

19 of 28

algorithms capable of automatically adjusting humidity thresholds based on real-time cli-
matic conditions.

Furthermore, the dataset obtained represents a valuable resource for modeling evap-
otranspiration processes, water balance, and irrigation scheduling, particularly in low-
cost agricultural and forestry systems. Its application is especially relevant for Juglans ne-
otropica Diels plantations, where microclimatic monitoring can optimize water manage-
ment and improve local productivity, promoting economic and technological develop-
ment in rural areas [41].

The device’s energy autonomy and modular design facilitate its replication in rural
environments and restoration ecosystems, promoting the adoption of sustainable sensing
technologies and advancing the transition toward precision forestry in Ecuador. Finally,
this research lays the groundwork for establishing a comprehensive database for integrat-
ing machine learning techniques into environmental monitoring, leveraging the system’s
high temporal resolution and statistical consistency.

4. Discussion
4.1. Microclimatic Variability and Atmospheric Moisture Dynamics

The continuous monitoring campaign conducted at the Yuyucocha Experimental
Farm of the Universidad Técnica del Norte (UTN), located in Imbabura Province, enabled
the characterization of atmospheric and soil moisture variability under real field condi-
tions. Over the 60-day observation period, more than 86,000 environmental measurements
were collected, revealing persistent temporal variability patterns associated with canopy
structure and near-surface atmospheric regulation processes [48].

The environmental observations demonstrated consistent differences between at-
mospheric conditions measured beneath and above the canopy, indicating the presence
of stable microclimatic gradients throughout the monitoring period. In particular, rela-
tively higher humidity levels beneath the canopy suggest the existence of canopy-induced
buffering effects associated with reduced atmospheric mixing, moisture retention, and at-
tenuation of short-term atmospheric fluctuations [19,49].

The intersensor correlation (r = 0.8535) obtained from the double inverse regression
fit reflects strong temporal coherence between atmospheric observations recorded at dif-
ferent canopy levels. Rather than representing a direct physical model of atmospheric
moisture transport, this relationship provides empirical evidence of consistent environ-
mental variability patterns across the monitored microclimatic strata. Similar ranges of
environmental coherence have been reported in previous field-based atmospheric moni-
toring studies conducted under heterogeneous climatic conditions [48,50,51].

The temporal persistence observed in the humidity series indicates that the canopy
layer exerts a significant influence on near-surface atmospheric conditions, contributing
to the regulation of local moisture dynamics. From an environmental perspective, the ob-
served differences between canopy levels are consistent with vegetation-mediated micro-
climatic regulation processes commonly reported in forest ecosystems [52].

Systematic data processing and temporal smoothing procedures contributed to re-
ducing high-frequency atmospheric noise while preserving the dominant environmental
variability patterns within the dataset [53]. This approach facilitated the interpretation of
temporal humidity dynamics and supported the identification of persistent atmospheric
behavior throughout the monitoring campaign.

Overall, the results indicate that the dataset generated in this study provides a robust
empirical representation of atmospheric moisture variability and soil-atmosphere inter-
actions under Andean field conditions. In this context, the principal contribution of the
study lies in the characterization of microclimatic dynamics associated with canopy struc-
ture and environmental heterogeneity rather than in the monitoring system itself.

https://doi.org/10.3390/atmos17070708



Atmosphere 2026, 17, 708

20 of 28

4.2. Microclimatic Dynamics and Ecological Interpretation

The vertical humidity gradient (ARH = -36%) consistently observed between canopy
strata represents a key indicator of persistent microclimatic stratification associated with
vegetation structure. This gradient reflects the capacity of the canopy to retain moisture
and regulate near-surface atmospheric conditions, contributing to the formation of a more
humid and environmentally buffered microenvironment beneath the foliage. The absence
of statistically significant differences between daytime and nighttime periods (p = 0.7807)
indicates temporal stability in this microclimatic pattern, consistent with observations re-
ported in neotropical ecosystems where vegetation cover contributes to atmospheric buff-
ering processes [54,55]

From an ecological perspective, the observed humidity stratification provides empiri-
cal evidence of canopy-atmosphere interactions within Juglans neotropica Diels plantations.
The canopy layer appears to influence local atmospheric moisture conditions by attenuating
short-term environmental fluctuations, reducing direct atmospheric mixing, and promoting
relatively stable humidity accumulation beneath the foliage. These observations are con-
sistent with vegetation-mediated microclimatic regulation processes commonly reported in
forest ecosystems [56]. In particular, the persistence of higher humidity beneath the canopy
suggests that the vegetation structure contributes to modifying local vapor exchange dy-
namics and reducing atmospheric exposure within the understory environment.

The persistence of relatively higher humidity conditions beneath the canopy
throughout the monitoring period suggests the existence of localized atmospheric buffer-
ing effects associated with canopy structure and reduced atmospheric turbulence. This
behavior may contribute to the maintenance of favorable microenvironmental conditions
for soil moisture conservation, near-surface hydric stability, and mitigation of rapid at-
mospheric fluctuations under heterogeneous environmental conditions [57]. In this con-
text, the canopy may function as a regulating interface within the soil-plant-atmosphere
continuum, modulating local moisture dynamics under Andean field conditions. The ob-
served buffering behavior may also contribute to reducing evaporative stress within the
understory microenvironment by maintaining more stable atmospheric moisture condi-
tions beneath the foliage layer.

From an ecohydrological perspective, the coexistence of relatively stable soil mois-

ture conditions and persistent atmospheric humidity stratification suggests the pres-

ence of coupled moisture-regulation processes operating between the soil, vegeta-
tion, and atmosphere. The canopy-mediated attenuation of atmospheric variability
may facilitate localized moisture conservation and contribute to stabilizing near-sur-
face hydric conditions despite external environmental fluctuations [46]. These inter-
actions are particularly relevant in mountainous Andean ecosystems, where steep
topography and heterogeneous environmental conditions frequently intensify short-

term atmospheric variability and water exchange dynamics [58].

These findings are particularly relevant in the context of forest degradation in Ecua-
dor’s Andean region, where vegetation loss has affected ecosystem functionality and en-
vironmental regulation processes, with estimated deforestation rates of approximately
1.16% annually [59].

In this context, Juglans neotropica Diels may contribute to the maintenance of local
microclimatic stability and soil moisture conservation, supporting ecological restoration
processes and environmental resilience in degraded mountainous ecosystems [60]. The
observed atmospheric buffering behavior therefore highlights the ecological importance
of native canopy structure for maintaining localized environmental stability in heteroge-
neous mountainous landscapes.

The continuous dataset generated in this study provides a useful basis for interpret-
ing moisture-retention dynamics and microclimatic variability under real field conditions.
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Rather than emphasizing the characteristics of the monitoring system itself, the results
contribute to the understanding of atmospheric variability influenced by vegetation struc-
ture and canopy stratification, providing relevant information for ecological monitoring
and agroforestry management under Andean environmental conditions [61]. Further-
more, the persistent humidity gradients identified throughout the monitoring period pro-
vide empirical evidence of canopy-mediated atmospheric regulation processes operating
within native Andean forest environments.

4.3. Scalability in Environmental Monitoring Contexts

The analytical framework implemented in this study enabled the processing of large
environmental datasets while maintaining computational efficiency under continuous
monitoring conditions [61]. The adopted methodology facilitated the systematic analysis
of atmospheric and soil moisture variability, supporting the characterization of temporal
microclimatic dynamics under real field environments.

From an environmental perspective, the methodology supports the generation of con-
tinuous datasets capable of representing atmospheric variability and humidity dynamics
across different canopy levels. Although the present study focused on Juglans neotropica
Diels plantations, the monitoring approach may be adaptable to other environmental con-
ditions and forest ecosystems characterized by heterogeneous microclimatic behavior [62].

The continuous observations obtained during the monitoring campaign demonstrate
the feasibility of implementing long-term environmental monitoring strategies in rural
and mountainous regions using autonomous low-cost instrumentation. In particular, the
acquisition of high-resolution temporal datasets may contribute to improving the under-
standing of canopy-related atmospheric regulation processes and soil-atmosphere inter-
actions under field conditions [63]. In the context of Andean ecosystems, where environ-
mental heterogeneity and limited meteorological infrastructure frequently restrict long-
term field observations, continuous microclimatic monitoring approaches may provide
useful information for ecological characterization and environmental variability assess-
ment. From a practical perspective, the ability to generate stable environmental datasets
under real field conditions represents an important contribution for future ecological
monitoring efforts in rural environments.

4.4. Integration with Environmental Modeling Frameworks

The dataset generated in this study provides a useful basis for interpreting microcli-
matic variability and moisture dynamics under real field conditions. The temporal resolu-
tion and consistency of the observations enable the characterization of atmospheric humid-
ity patterns associated with canopy structure and soil moisture behavior in heterogeneous
mountainous environments [64]. The implemented monitoring framework demonstrated
the feasibility of continuous environmental sensing using autonomous low-cost instrumen-
tation under field conditions. In particular, the results revealed persistent vertical humidity
gradients and stable temporal patterns, supporting the interpretation of canopy-induced
microclimatic regulation processes and near-surface atmospheric variability [51].

Rather than functioning as a predictive environmental modeling platform, the pro-
posed methodology was designed as an observational framework focused on the empiri-
cal characterization of atmospheric and soil moisture variability. This distinction is im-
portant because the present study did not directly measure additional environmental var-
iables commonly required for complete evapotranspiration or surface energy balance
modeling, such as net radiation, wind speed, or turbulent heat fluxes [65,66].

Nevertheless, the continuous dataset generated in this study may support future en-
vironmental analyses related to moisture transport, atmospheric variability, and canopy-
scale microclimatic processes in Andean ecosystems. From an environmental perspective,

https://doi.org/10.3390/atmos17070708



Atmosphere 2026, 17, 708

22 of 28

the results contribute to the understanding of vegetation-mediated atmospheric regula-
tion and moisture dynamics under heterogeneous mountainous conditions.

The approach adopted in this research emphasizes operational stability, temporal co-
herence, and environmental interpretability rather than advanced predictive capabilities
or speculative technological expansion. In this sense, the principal contribution of the
study lies in the empirical characterization of near-surface atmospheric variability and soil
moisture dynamics under real field conditions, contributing to the understanding of land-
atmosphere interactions in heterogeneous mountainous ecosystems.

4.5. Environmental and Socioeconomic Implications

The generation of continuous microclimatic datasets contributes to addressing infor-
mation gaps in environmental monitoring, particularly in rural areas where climatic var-
iability plays a key role in agricultural productivity [67]. Access to detailed environmental
data may support improved understanding of local atmospheric variability and facilitate
more informed water resource management strategies under heterogeneous environmen-
tal conditions.

The focus on Juglans neotropica Diels highlights the importance of monitoring native
species within Andean ecosystems, particularly in the context of conservation and ecologi-
cal restoration efforts [68]. Continuous environmental observations provide valuable infor-
mation for understanding ecosystem dynamics, canopy-related atmospheric regulation,
and vegetation-mediated moisture retention processes under real field conditions [69].

Additionally, the use of energy-autonomous monitoring approaches aligns with sus-
tainable development strategies, promoting the implementation of accessible environ-
mental monitoring methodologies in rural and agroforestry contexts [70].

4.6. Technological Development Perspectives

The prototype demonstrated stable operation for continuous monitoring of soil and
atmospheric humidity under real field conditions. The implemented autonomous frame-
work enabled the acquisition of high-resolution environmental datasets, facilitating the
characterization of temporal microclimatic variability and canopy-related humidity gra-
dients throughout the monitoring period.

Although the present study focused on empirical environmental characterization ra-
ther than predictive environmental modeling, the generated dataset may support future
investigations related to atmospheric variability, moisture transport processes, and soil—-
plant-atmosphere interactions in Andean ecosystems. In particular, the continuous obser-
vations obtained under field conditions provide useful information for comparative mi-
croclimatic analysis in heterogeneous mountainous environments.

From a practical perspective, the methodology demonstrated the applicability of low-
cost autonomous monitoring systems for long-term environmental observations in rural
and agroforestry contexts. The operational stability and temporal coherence observed
throughout the experimental period support the feasibility of implementing continuous
environmental monitoring strategies in regions where access to conventional meteorolog-
ical infrastructure is limited.

5. Conclusions

The present study provides empirical evidence of persistent microclimatic stratifica-
tion within an Andean Juglans neotropica Diels plantation under real field conditions.
Based on more than 86,000 environmental measurements collected over a continuous 60-
day monitoring period, the results revealed stable and reproducible patterns of atmos-
pheric humidity variability associated with vegetation structure and canopy-related envi-
ronmental regulation.
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The principal scientific contributions of this research lies in the identification and char-
acterization of persistent vertical humidity gradients between canopy strata (ARH = -36%),
demonstrating systematically higher atmospheric moisture conditions beneath the canopy
compared to the upper atmospheric layer. This behavior provides empirical evidence of
canopy-mediated atmospheric buffering processes operating within heterogeneous Andean
environments, where vegetation structure contributes to moisture retention, attenuation of
atmospheric fluctuations, and regulation of near-surface environmental conditions.

The temporal stability of the observed humidity gradients under both daytime and
nighttime conditions indicates that the canopy functions as a regulating interface within
the soil-plant-atmosphere continuum. The persistence of relatively higher humidity con-
ditions beneath the foliage suggests that vegetation structure plays an important ecologi-
cal role in reducing direct atmospheric mixing and promoting localized microclimatic sta-
bility under variable mountainous environmental conditions.

The combined analysis of atmospheric humidity and soil moisture variability also
revealed the existence of coupled environmental dynamics between atmospheric and
edaphic layers. While atmospheric humidity exhibited higher-frequency fluctuations as-
sociated with short-term environmental variability, soil moisture maintained compara-
tively more stable temporal behavior, suggesting partial microclimatic decoupling be-
tween soil and atmospheric layers mediated by canopy structure.

The strong intersensor coherence obtained between canopy levels (r = 0.8535) sup-
ports the temporal consistency of the environmental observations and confirms the per-
sistence of differentiated atmospheric conditions within the plantation environment. Ra-
ther than representing a mechanistic atmospheric model, the regression analysis provided
an empirical representation of environmental coherence between canopy strata under
continuous field monitoring conditions.

Although the operational reference humidity signal (RHref) showed limited direct cor-
relation with the monitored variables, the environmental dataset demonstrated strong in-
ternal temporal consistency and stable atmospheric variability patterns throughout the
monitoring campaign. These results reinforce the importance of intersensor coherence and
continuous environmental observations for interpreting microclimatic dynamics in hetero-
geneous ecosystems where direct metrological ground-truth validation may be limited.

From an ecological and atmospheric perspective, the findings contribute to the un-
derstanding of land-atmosphere interactions in native Andean forest ecosystems. The ob-
served canopy buffering behavior and persistent atmospheric moisture stratification high-
light the ecological importance of vegetation structure in regulating near-surface humid-
ity dynamics and maintaining localized environmental stability in mountainous land-
scapes affected by environmental heterogeneity and forest degradation.

Overall, this study contributes new high-resolution field evidence regarding canopy-
mediated atmospheric regulation and persistent microclimatic moisture stratification in
Juglans neotropica Diels plantations. The generated dataset therefore represents a valuable
empirical basis for future research focused on microclimatic dynamics, ecohydrological
interactions, and environmental variability in heterogeneous Andean ecosystems.
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Abbreviations

The following abbreviations are used in this manuscript:

UTN Universidad Técnica del Norte

FICAYA  Facultad de Ingenieria en Ciencias Agropecuarias y Ambientales
S1H Relative humidity sensor placed below the canopy

S2H Relative humidity sensor placed above the canopy

Hsoil Soil humidity measured at 25 cm depth

RHref Reference relative humidity sensor

ARH Difference in relative humidity between the device and reference
%RH Relative humidity percentage

PET Potential Evapotranspiration

Ra Extraterrestrial radiation

DOY Day of Year

DW Durbin—-Watson statistic

RMSE Root Mean Square Error

Acc Accuracy of classification

F1 F1-score or harmonic mean between Precision and Recall
Prec Precision

Rec Recall or Sensitivity

Kappa Cohen'’s Kappa coefficient of agreement

TP True Positives

FP False Positives

N True Negatives

FN False Negatives

N Total number of analyzed observations

Thr Classification threshold

14 p-value or probability value in statistical tests

d Cohen'’s effect size (Cohen’s d)

SPI Serial Peripheral Interface

IoT Internet of Things

Al Artificial Intelligence

ML Machine Learning
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