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Assessment of atmospheric dynamics in the high Andean region of Chimborazo
Province. Evaluacion de la dinamica atmosférica en la zona alto andina
Provincia-Chimborazo

Jorge Milton Lara-Sinaluisa'*, Juan Manuel Martinez-Nogales?, Vanessa Fernanda
Morales-Rovalino®, Sandra Daniela Lara-Avalos*, Arquimides Xavier Haro-Velastegui®

Abstract

The study evaluates the dynamic conditions of the lower atmosphere in the high Andean zone of the province of
Chimborazo, using the Van Ulden-Holtslag model, adapted to the particular altitude and temperature conditions of the
area, as well as to the specific soil conditions. Data obtained from the Atillo, Tixan, and Chocavi weather stations, collected
hourly between 2018 and 2021, were used for the variables: humidity, pressure, radiation, temperature, and wind speed.
In addition, data such as roughness, albedo, air density, Bowen index, and runoff constant were collected. Applying the
Van Ulden-Holtslag model, heat fluxes, friction velocity, and, fundamentally, the Obukhov length were calculated to
define stability levels according to the Pasquill classification. The results show that, for the years analyzed, at the weather
stations (Atillo, Tixan, and Chocavi), the extremely stable (EE) class prevailed in its entirety, with only 2019 at the Tixan
and Chocavi stations, as well as 2020 at the latter station, showing a prevalence of neutral (N), moderately stable (ME),
and moderately unstable (MI) stability classes, respectively. Atmospheric stability models are essential for predicting the
dispersion of atmospheric pollutants and improving public health.
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1. INTRODUCTION

The analysis of variables such as humidity, pressure, radiation, temperature and wind speed are essential to determine the
stability of the atmosphere. These factors interact in an intricate manner, and a thorough examination of their combined
effects can provide valuable information about the atmospheric processes taking place in the area. For example,
atmospheric humidity plays a key role in cloud formation and precipitation, while pressure and temperature are closely
related to vertical air movements and the development of high and low-pressure systems. In addition, solar radiation and
wind speed can influence the temperature distribution and the mixing of air masses in the region [1].

The exploration of atmospheric stability in the high Andean region is of great importance, since it contributes to a better
understanding of local meteorological phenomena and allows more accurate forecasting of extreme meteorological
phenomena. These events, such as storms, snowfall or frost, can have a substantial impact on both human activities and
ecosystems in the area, which underlines the importance of studying atmospheric stability in this specific geographical
context [2,3].

In recent years, several studies on atmospheric stability have been carried out by applying the Pasquill stability classes
and the Obukhov length together, studies that have addressed the analysis of wind turbines located at two different sites
on flat terrain, one with neutral atmospheric conditions and the other with unstable atmospheric conditions; estimation of
atmospheric stability from only 3 levels of wind speed measurements; the dependence between fatigue loads of a wind
turbine located in an offshore wind farm and atmospheric stability; a new method for quantifying atmospheric stability;
review of studies conducted at the Obukhov Institute of Atmospheric Physics of the Russian Academy of Sciences; as
well as a Boundary Layer Solar Sounding [4,5].

2. Theoretical Foundations

2.1. Atmospheric stability

Studies on the atmospheric stability and wake attenuation constant of a large offshore wind farm in the Yellow Sea, as
well as the dependence of the turbulent dissipation rate stability on the convective atmospheric boundary layer have been
deepened, without neglecting the estimation of seasonal atmospheric stability and mixing height using different schemes.
Special mention deserves the research about a theoretical model for the tilt angles of structures in stratified boundary
layers and its connection of the turbulent scale and the Monin-Obukhov similarity theory [6,7].

A very significant contribution to the study of atmospheric stability is that the stability of the surface layer plays a crucial
role in several processes, such as surface energy balance, atmospheric pollution and boundary layer parameterization.
These processes largely depend on the interaction between wind speed and temperature observations at different heights,
which are obtained from the extensive network of wind towers in China [8], who used a climatic data set to estimate the
level of stability at low levels, where key parameter used to classify the degree of stability is the Obukhov length, which
is determined by considering the wind speed and temperature at 10 m and 70 m above ground level.

Large eddy simulations are used to assess the degree of similarity of the mean profile within the convective boundary
layer (CBL), which is why considerable attention is devoted to ensure that the profiles are not unduly influenced by the
sensitivity of the mesh, as well as to mitigate the presence of inertial oscillations during the spin phase of the simulation.
As for the non-dimensional gradients @, representing wind speed and air temperature, it is generally observed that they
present a parallel alignment with the Monin-Obukhov similarity in several cases. However, it should be noted that, within
each profile, the slope of these gradients turns out to be steeper than expected. This particular trend has been identified
and documented in several recent studies by various researchers [9].

The stability of the atmosphere is related to temperature and altitude, resulting in the formation of the ambient temperature
gradient. This gradient represents the rate at which the temperature decreases as the air mass ascends in altitude. The
measurement of this temperature is made by means of a balloon connected to a thermometer, which records the
temperature incrementally during ascent. This recorded temperature gradient is called the ambient temperature gradient.
It should be noted that this reference temperature gradient can be compared to the adiabatic dry temperature gradient,
which assumes no heat loss and no heat gain. Under adiabatic conditions, an increasing volume of air with a specific
temperature behaves similarly to a balloon. It will expand until its density aligns with that of the surrounding air. Dry air
is observed to expand at a rate of 9.8 degrees Celsius per 100 meters of altitude [10].

2.2. Indexes for assessing atmospheric stability

Several types of indexes can be used to evaluate atmospheric stability. Among them are the Monin-Obukhov length, the
Pasquill stability classes and the Richardson number, The Pasquill stability class becomes unstable as the wind speed
decreases and the solar radiation increases. Conversely, during the night, the Pasquill stability class gradually stabilizes
as the wind speed decreases and the net negative radiation increases, and the net negative radiation increases [11].

The Obukhov length, denoted as L, is a measure of length. It can be understood as the height above the surface at which
the influence of buoyancy is dominant in the mechanical production of turbulence, as opposed to wind shear.
Consequently, wind shear tends to have a greater impact on turbulence dynamics compared to buoyancy, particularly in
the lower layers. (z<>L), where buoyancy effects are practically negligible [12,13].

To study variations in atmospheric stability, mathematical models, which are an abstract and simplified representation of
a real-world system, phenomenon or process using mathematical concepts and equations, have been used. These models
are used in various scientific disciplines and areas of study to understand, analyze and predict the behavior of complex
systems, as well as for the development of research hypotheses with their corresponding experimental methodology and
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verification method [14,15], one of these procedures is the Van Ulden - Holtslag model, which in a simplified way, the
Obukhov length is determined by the expression:

_ 2T
L= r— (Ec.1)
-H
where: 0, = 0
Po " Cp - py
- B
therefore: T 2o
L S,

So, the left-hand side of equation (1) constitutes a measure of stability based on the surface production of turbulence that
is dependent on buoyancy and shear [16].
It should be considered that:
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The Van Ulden-Holtslag model has a particular approach that takes into account the integral energy balance linked to a
specific volume component centered on the area surrounding the vegetation and the adjacent atmosphere [17,18]. A
segment of the absorbed energy goes to generate evapotranspiration, a fundamental factor to evaluate, with the objective
of converting the result into measurements indicating water evaporation.
This procedure involves a meticulous analysis of the energy distribution within the designated volume, focusing on the
intricate interactions between the vegetation canopy and the enveloping atmosphere, to decipher the implications of
evapotranspiration on the overall ecosystem dynamics [19].
Model the dynamic conditions of the lower atmosphere in the high Andean zone of the Province of Chimborazo. Collect
meteorological data in the study areas (Atillo, Tixan, Chimborazo). To carry out a bibliographic search of the theoretical
elements that sustain atmospheric stability. Adjust the mathematical model of Van Ulden-Holstlag for the high Andean
zone of Chimborazo Province, considering Pasquill stability classes and Obukhov length.

while: So =

3. Materials And Methods

The research design adopted a quasi-experimental approach, since an exhaustive analysis of meteorological data from the
highest elevations in the high Andean zone of Chimborazo Province was carried out. The data were obtained from the
meteorological stations of Atillo (elevation 3467 m; latitude -2.18699; longitude -78.54919); Tixan (elevation 3546 m;
latitude -2.15759; longitude -78.76049) and Chocavi (elevation 3642 m; latitude -1.48839; longitude -78.71219), of the
Alternative Energies and Environment Group of the ESPOCH. The stations are located in Guamote, Alausi and Guano
cantons, respectively.

The data were processed using the Van Ulden-Holtslag model, which is based on the calculation of the Obukhov longitude
and which, together with the Pasquill atmospheric stability indices, makes it possible to determine the atmospheric
stability of the area. Considering the temporal constraints imposed on this research effort, along with the multiple
parameters that were manipulated within a singular variable, it can be postulated that the research exhibits the distinct
attributes of a cross-sectional study.

The study population was the high Andean zone of the Province of Chimborazo. Being the study population the high
Andean zone of the Province of Chimborazo, which has a maximum altitude of 6310 masl at the summit of Nevado
Chimborazo, a minimum altitude of 100 masl in Canton Cumanda, it was necessary to locate the meteorological stations
located at a higher altitude than the average, being considered therefore the stations of Atillo, Tix4n and Chocavi whose
elevations are of: 3467, 3546 and 3642 masl, respectively, which Presents a variety of climatic floors ranging from the
subtropical in Cumanda, at 100 meters above sea level, to the intense cold of the Andes has an area of 196052.68 hectares
of moorland, which represents 32.06% of the total territory of the province comprising the cantons Guamote, Guano and
Alausi in the Province of Chimborazo-Ecuador (Figure 1).
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Figure 1. Cantons Guamote, Guano and Alausi in the Province of Chimborazo-Ecuador.

3.1. Sample size

Weather stations obtain data hour by hour, 365 days a year. Therefore, the sample consisted of all the humidity, pressure,
radiation, temperature and wind speed data for the years 2018, 2019, 2020 and 2021, without considering those for the
year 2022 due to damage to the wind speed measurement sensor.
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3.2. Primary and secondary data collection technique

It is of primary type since the data were obtained directly from the meteorological stations, without leaving aside the
process of cleaning them. Based on a secondary type of technique, data collection was carried out from the review of
documents with scientific literature in accordance with the topic, which comes, as mentioned in previous sections, from
books, magazines and scientific articles, theses, guides and technical standards.

3.3. Instruments for processing collected data

Data acquisition was performed directly from the computer of each weather station. Once the database (with the variables
of humidity, pressure, radiation, temperature and wind speed) was available, its preparation was started to ensure the
reliability of the results. This process involved reviewing and correcting invalid and duplicate data, as well as
compensating for a five-hour time lag. A common challenge in databases is the presence of missing data, which may be
the result of sensor failures or calibrations. Therefore, it became necessary to fill in these data gaps. In this way, it was
possible to obtain an integral and complete database, essential for the development of this study.

3.4. Data analysis

To apply the Van Ulden-Holtstlag model, a MATLAB code called ESTAB was used, which allowed the calculation of
the heat fluxes Qh, Qe, Qg, Ql, the friction velocity uu, Obukhov length L and the stability index In. With the complete
database for each of the years 2018, 2019, 2020 and 2021 from the Atillo, Tixan and Chocavi meteorological stations,
we proceeded to order the figures day by day to obtain the averages in each of the hours for each of the years. This work
was carried out by means of code in R. Both the results of the MATLAB and R work were exported to Excel. With the
Excel files the corresponding graphs were elaborated, gathering the averages for each year in each station, obtaining 3
graphs per variable, one for each station.

4. Results And Discussion

4.1. Atmospheric stability in the Atillo area

Figure 2A shows the atmospheric stability at el Atillo station for 2018. that between 00h00 - 07h00 and then between
19h00 - 24h00 the extremely stable stability class (ES) prevails, followed closely by the stable stability class (S). Between
08h00 and 18h00 conditions prevail together: moderately unstable (MU) and neutral (N). which confirms the information,
because throughout the year added together the frequencies of classes (S) and (ES) exceed 52% of the total frequencies
(6433). However, class (ES) (2138) is almost twice as frequent as class (S) (1190).

Figure 2B shows that from 00h00 - 06h00 and 20h00 - 24h00, in 2019 classes (S) and (ES) prevail together. With a higher
value of class (ES). From 07h00 there is a prevalence of the unstable class (U) which slightly decreases until 18h00. The
opposite occurs with the moderately unstable class (MU) from 08h00, which starts a sustained growth until 18h00,
confirming the prevalence of class (ES) (3392) out of a total of (8744) of the total frequencies of the year.

Figure 2C shows the prevalence of the class (ES) during the periods 00h00 - 07h00 and 19h00 - 24h00 with more than
50% of the frequencies observed in each hour. The frequency of class (ES) (3083), prevails in (Atillo 2020) of the total
(8572) observations as shown in Figure 2D. The class (ES) maintains a clear prevalence in (Atillo 2021), observing that
in the period 00h00 - 07h00 was slightly decreased, but maintaining the prevalence in the period 20h00 - 24h00. From
08h00 onwards, the prevalence of unstable class (U) began to increase, decreasing until 18h00. The opposite phenomenon
occurs with the moderately unstable class (MU), which from 08h00 begins a growth in prevalence until 18h00. The data
show the prevalence of class (ES) (3403), followed by class (MU) (1665) and unstable class (U) (1398) out of a total of
(8759) observations.
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Figure 2A, 2B, 2C, 2D Atmospheric stability at El Atillo station for the years 2018, 2019, 2020 y 2021.
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4.2. Atmospheric stability in the Tixan area

For its part during 2018 at the Tixan weather station, Figure 3A, a clear prevalence of the class (ES) can also be observed
in the periods between 00h00 - 07h00 and 18h00 - 24h00. However, in this case, the prevalence of the moderately stable
(MS) class is also evident in the period from 08h00 to 17h00. The class (ES) with (3419) observations prevail followed
by the extremely unstable class (EU) (2213) out of a total of (8638) observations.

With lower values than in the previous cases, the class (ES) maintains its prevalence in the station (Tixan 2019) in the
periods from 00h00 - 07h00 and 19h00 - 24h00, Figure 3B. On the other hand, the moderately unstable (MU) and neutral
(N) classes maintain their prevalence from 08h00 to 18h00. Overall, during the year, the prevalence corresponds to the
neutral class (N) with (2222), followed by the class (ES) with (1913) and the class (MU) (1601) of a total of (8752)
observations.

In the periods from 00h00 - 07h00 and 19h00 - 24h00, the extremely stable (ES) class prevails, followed closely by the
stable (S) and neutral (N) classes in their order, in (Tixan 2020), Figure 3C. From 08h00 to 17h00, the (MU) class prevails,
followed by the neutral (N) class. With prevalence of the extremely stable class (ES) with (1995), followed by classes
(N) and (MU) with (1962) and (1576) respectively out of a total of (8779) observations taken in the year.

Classes (S) and (ES) together show prevalence in (Tixan 2021), Figure 3D, in the periods from 00h00 - 07h00 and 18h00
- 24h00. From 08h00 to 17h00, the prevalence is jointly in the moderately unstable (MU) and neutral (N) classes.
However, with the data in graph 40-4, it can be clearly established during the year the prevalence of the extremely stable
(ES) class with (2051), followed by the moderately unstable (MU), stable (E) and neutral (N) classes with (1246), (1162)
and (1133), respectively out of a total of (7391) observations.
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Figure 3A, 3B, 3C, 3D Atmospheric stability at the Tixan station for the years 2018. 2019, 2020 y 2021

4.3. Atmospheric stability in the Chocavi area

In (Chocavi 2018), Figure 4A an indisputable prevalence of the extremely stable class (ES) can be observed in the periods
00h00 - 07h00 and 18h00 - 24h00. From 08h00 to 17h00, the prevalence corresponds to the extremely unstable class
(EU), with predominance of the class (ES) (3385), followed by the class (EU) with (2255) of a total of (8759)
observations, confirming the results indicated.

Between 00h00 - 07h00 and 19h00 - 24h00 the classes (MU), (S) and (ES) prevail in their order in (Chocavi 2019), Figure
4B Only at 08h00 and 17h00 specifically the neutral class (N) prevails. From 09h00 to 16h00 the prevalence of the (MU)
class is clear. With specific data, at the annual level, with the prevalence of classes (MS), (MU), (S) and (N) in their order
with (1941), (1924), (1588) and (1504) respectively, out of a total of (§757) observations.

The stable (S) and extremely stable (ES) classes together prevail very clearly in (Chocavi 2020), Figure 4C, in the periods
00h00 - 07h00 and 19h00 - 24h00. From 08h00 to 16h00 the moderately unstable (MU) class prevails, followed by the
neutral (N) class. The annual data show the prevalence in order of the classes (MU), (ES), (N) and (MS) corresponding
to values of (1677), (1641), (1648) and (1563) respectively out of a total of (8779) observations.

Among all the years analyzed in the 3 meteorological stations, (Chocavi 2021), Figure 4D shows the strongest prevalence
of the extremely stable class (ES) during the periods 00h00 - 06h00 and 19h00 - 24h00, as well as the class (EU) in the
period from 07h00 to 18h00. The data confirm the information revealing that the extremely stable class (ES) prevails
with (5131), then the class (EU) with (3559) of the total of (§723) observations obtained during the year.
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Figure 4A, 4B, 4C, 4D Atmospheric stability at the Chocavi station for the years 2018. 2019, 2020 y 2021

In summary, it can be established that, of years analyzed, in the meteorological stations (4 in each), the extremely stable
(ES) class prevails completely. Only during 2019 at the Tixan and Chocavi stations, as well as in 2020 at the latter station,
the neutral (N), moderately stable (ME) and moderately unstable (MI) classes prevail, respectively. Thus, in general, the
extremely stable class (EE) prevails, followed very closely by the class (E), so that the high Andean zone of Chimborazo
Province tends to the stability classes mentioned above.

Discussion

The stability of the atmosphere plays a key role in understanding the intricate nature of local weather patterns, cloud
formation, pollutant dispersion, and weather forecasting [20,21]. A comprehensive analysis of this phenomenon by
modeling atmospheric stability in the High Andean zone of Chimborazo Province yielded valuable information on several
sectors, including agriculture, natural resource management, urban development, and environmental hazard mitigation
by detecting areas of atmospheric instability.

Given the unique characteristics found in the data analysis of the Chimborazo Province, which is distinguished by its
mountainous terrain and proximity to the equator, the issue of atmospheric stability presents both challenges and
opportunities. Factors such as altitude, solar radiation and atmospheric circulation patterns exert a substantial influence
on the dynamics of the local atmosphere, which influences variations in precipitation and temperature patterns due to
atmospheric instability. Fortunately, in the stations evaluated, this represented a low percentage of the simulated
cases [22,23].

Despite the success in the adjustment by modeling atmospheric stability in the High Andean zone of Chimborazo
Province, the integration of the atmospheric stability model with other modeling systems is another key aspect. This can
be achieved by combining the atmospheric stability model with regional and global climate models to improve long-term
predictions. In addition, integration of the model with geographic information systems (GIS) and mapping tools allows
visualization and analysis of spatial patterns of atmospheric stability [24,25]. Leveraging the model as a decision support
tool for urban planning, emergency management, and environmental risk mitigation is essential for effective governance.
The practical applications of the study of atmospheric stability are the fundamental task should focus on the formulation
of mathematical models and computer simulations such as machine learning (ML) or the use of neural networks [26,27],
that allow an accurate examination of the physical mechanisms governing atmospheric stability in the region. These
models will encompass a variety of variables including temperature, humidity, atmospheric pressure, solar radiation and
wind patterns, considering that, the specific geographic and topographic attributes of the Chimborazo Province.
Through the use of advanced modelling methodologies and the analysis of historical and real-time meteorological data,
it was possible to generate accurate forecasts related to short- and long-term atmospheric stability. These results are about
to have practical implications in several areas, such as: better knowledge of atmospheric stability can facilitate the
optimization of agricultural practices, resulting in better crop scheduling [28] better risk management and better
preparedness against adverse weather conditions [29].

Likewise, atmospheric stability analysis can contribute to the prediction of precipitation patterns and the assessment of
water resource availability [30,31] which are crucial for effective water resource planning and sustainable use, since
atmospheric stability models can be instrumental in forecasting the dispersion of air pollutants, allowing the
implementation of preventive measures to mitigate negative impacts on public health.
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5. Conclusions

The adjusted model made it possible to establish the dynamic conditions of the area, with a predominance of the extremely
stable stability class (ES), due to the fact that the low surface temperatures do not allow reaching the energy necessary
for convection to occur in the surface layer of the atmosphere, finding that of analysed,

In the meteorological stations, the extremely stable (ES) class prevails completely, highlighting that only during 2019 in
the Tixan and Chocavi stations, as well as in 2020 in this last station, the neutral (N), moderately stable (MS) and
moderately unstable (MU) stability classes prevail respectively, due to the variation of the meteorological parameters.
The atmospheric instability observed at the Tixdn and Chocavi stations during 2018 and 2020 according to the data
obtained by applying the Van Ulden-Holstlag mathematical model is due to changes in climatic parameters, particularly
wind speed, therefore, it is recommended that those responsible for the control of the meteorological stations pay more
attention to the sensors to measure and record this parameter, particularly the one that measures wind speed, and therefore
it is recommended to automate the calculation of atmospheric stability in the high Andean zone of the Province of
Chimborazo.

Validation of the model for the evaluation of atmospheric stability in the High Andean zone of Chimborazo Province,
Ecuador. will be fundamental to quantify the implications of atmospheric stability in various sectors and its relation to
changes in precipitation and runoff regimes that affect aquifer recharge, a basic element to effectively manage water
resources, as well as its predictive power to model the dispersion of air pollutants under different atmospheric stability
conditions and develop mitigation strategies to improve air quality, especially in urban areas.
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