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Los salares altiplanicos son oasis que sustentan la vida en cuencas endorreicas de Sudameérica.
Estos sistemas se caracterizan por presentar condiciones ambientales extremas y un gran valor
ecologico. Sin embargo, se encuentran amenazados debido a que albergan yacimientos de
diferentes minerales cuya extraccién impacta en las fuentes de agua superficial y subterranea.
Sumado a esto, el cambio climéatico podria modificar las condiciones de estos ambientes,
desequilibrando ciclos del agua y procesos bioquimicos. La actividad microbiana presente en los
lagos salinos desempefia un papel clave en el reciclaje de gases de efecto invernadero. Estas
comunidades pueden verse afectadas debido a la influencia de factores atmosféricos sobre los
procesos que ocurren en estos sistemas. Para poder analizar estos efectos se construye un modelo
0-D impermanente mediante la utilizacion de herramientas computacionales (Matlab y Python) que
permite simular a largo plazo (1948 a 2021) los flujos de masa a traves de interfaces (aire-agua y
agua-sedimento) y los procesos bioquimicos (fotosintesis, fotorrespiracion, respiracion, demanda
biolégica de oxigeno e incremento/decaimiento de concentracion de biomasa y detritos)
relacionados con las concentraciones de CO, y O, en la laguna del Salar de Huasco, el cual
corresponde a un area silvestre protegida ubicada en el norte de Chile. Este trabajo tiene como
objetivo estudiar la influencia de las tendencias climaticas de factores meteoroldgicos en lagos
salinos de gran altitud y su relacién con la dinamica del CO, y 0,. El modelo permite estudiar el
comportamiento de las variables de control durante un periodo de méas de 70 afios y a diferentes
escalas temporales. Esta perspectiva a largo plazo logra alcanzar un estado donde los equilibrios y
ciclos que caracterizan la respuesta del sistema son independientes de las condiciones iniciales.
Los resultados indican que los transportes de masa a través de la interfaz aire-agua son procesos
clave en la variacion de las concentraciones de CO, y 0,. Se demostré que las variables
atmosfeéricas influyen en el transporte de masas y en la calidad de agua de los lagos salinos de gran
altitud, siendo la velocidad del viento el factor mas significativo. Es importante sefialar que cuando
se habla de cambio climéatico se suele hacer hincapié en las fluctuaciones de la temperatura
ambiental; sin embargo, en este trabajo se demuestra que un factor relevante a considerar es la
variacion del régimen de vientos.
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I. Introduccion

Los salares de altura se caracterizan por condiciones ambientales extremas con baja presion
parcial de 0,, alta radiacion, oscilaciones térmicas intradiarias extremas y condiciones de agua
dulce a hipersalina (Dorador et al., 2020; Hernandez et al., 2016). Estos sistemas presentan costras
de sal que rodean los lagos salinos, cuyo suministro de agua proviene principalmente de flujos
subterraneos (de la Fuente et al., 2021; Marazuela et al., 2019). Aunque se pueden encontrar lagos
salinos en todos los continentes, los lagos salinos de gran altitud se encuentran principalmente en
la meseta del Tibet y en las tierras altas de América del Sur (Finlayson, 2018). En Sudamérica,
existen lagos salinos por sobre los 3000 msnm ubicados en depresiones centrales de cuencas
endorreicas en zonas altiplanicas de Chile, Bolivia, Peri y Argentina (de la Fuente et al., 2021;
Suérez et al., 2020).

Estos ecosistemas dindmicos se caracterizan por la presencia de comunidades microbianas que
realizan un intenso reciclaje de nutrientes, los cuales limitan la produccion primaria bruta (PPB)
(Gao et al., 2021; Huang et al., 2023; Yue et al., 2021). En la base tréfica, las diatomeas y las
cianobacterias gobiernan los flujos de dioxido de carbono y oxigeno en el lago (de la Fuente, 2014;
Dorador et al., 2020; Paquis et al., 2023). Los lagos salinos tienen un gran valor ecolégico, ya que
son oasis que albergan una gran variedad de especies que tienen mecanismos fisioldgicos y
bioquimicos que les permiten tolerar las condiciones extremas de las regiones aridas, pero son muy
sensibles incluso a pequefios cambios en el clima (Finlayson, 2018). Sin embargo, estos sistemas
acuaticos estan amenazados por una mayor demanda de minerales de alto valor (por ejemplo, litio),
lo que implica un aumento en las extracciones de agua subterranea (Halkes et al., 2024; Marazuela

et al., 2019). En el caso de las lagunas hipersalinas (>40 %), estas son consideradas laboratorios

naturales con un valor cientifico Unico porque albergan una biodiversidad reducida con redes
tréficas simples en comparacion con otros sistemas acuaticos; por lo tanto, son extremadamente
sensibles al bombeo de salmuera y/o agua (Gajardo y Redon, 2019).

Los lagos salinos pueden desempefiar un papel vital en el contexto del cambio climatico, ya que
la actividad microbiana presente en estos sistemas puede contribuir al reciclaje de gases de efecto
invernadero (GEI) a través de diferentes procesos (por ejemplo, fijacion del carbono, nitrificacion
y metanogenesis), actuando como sumideros o fuentes de estos gases (Molina et al., 2018;
Veihelmann et al., 2023). Sumado a esto, el cambio climéatico podria modificar las condiciones
fisicas de estos ambientes, desequilibrando el ciclo local del agua y los procesos bioquimicos
naturales (Uribe Rivera et al., 2017). Segun Wurtsbaugh et al. (2017), el aumento de las
temperaturas y las variaciones en la evaporacion y precipitacion pueden hacer que los limites de
salinidad aumenten més alla de la tolerancia de invertebrados como el camaron de salmuera
(Artemia spp.) y las moscas de salmuera (Ephedra spp.) que forman parte de la base alimenticia de
las aves, especialmente de los flamencos. Ademas, la desecacion de los lagos da lugar a la
formacion de extensas fuentes de polvo fino que pueden ser una amenaza para la salud humana
(Wurtsbaugh et al., 2017).



Los estudios de monitoreo in situ permiten comprender como los forzamientos meteoroldgicos
afectan la dindmica de los nutrientes, el diéxido de carbono y el oxigeno en sistemas complejos y
extremos, como los lagos salinos de gran altitud. La camparia de campo E-DATA (Evaporation
caused by Dry Air Transport over the Atacama Desert) de noviembre del 2018 se llevé a cabo en
el Salar de Huasco y permitio investigar la relacion entre las condiciones meteoroldgicas y la
dindmica bioquimica en las aguas abiertas del lago salino (Suérez et al. 2020). Suéarez et al.
analizaron los efectos del viento sobre el flujo de CO, a través de la interfase aire-agua y
encontraron que existe una fuerte correlacion entre los regimenes de viento, la evaporacion y los
procesos bioquimicos presentes en el Salar de Huasco, enfatizando que el cambio climatico puede
afectar los patrones de viento. Por otro lado, de la Fuente (2014) menciona que existen ciclos
meteoroldgicos diurnos donde el viento impacta los mecanismos de transferencia de calor y masa
entre el lago del Salar de Huasco y la atmosfera. Por ejemplo, durante las noches y mafianas la
superficie del agua se caracteriza por condiciones de calma y baja resuspension de sedimentos.
Durante la tarde dominan condiciones ventosas que promueven la resuspension de sedimentos y
los intercambios entre la interfase aire-agua (AWI) y la interfase agua-sedimento (WSI) (de la
Fuente, 2014). El ciclo estacional que caracteriza la precipitacion en el Altiplano estd dominado
por cambios en el flujo zonal, donde los vientos del este favorecen condiciones himedas (verano)
y los vientos del oeste provocan condiciones secas (invierno) (Garreaud et al., 2003). Otros estudios
han indicado que la circulacion atmosférica es un factor dominante que controla los flujos
superficiales en el desierto (por ejemplo, la evaporacion) y descarta a la energia asociada a la
radiacion como principal factor limitante (Aguirre-Correa et al., 2023; Lobos-Roco et al., 2021).

Como se ha mencionado anteriormente, los microorganismos desempefian un papel clave en el
reciclaje de GEI e influyen en el equilibrio de materia orgéanica y energia en los lagos salinos. La
magnitud, el flujo y la direccion (fuente o sumidero) de los GEI en lagos salinos tienen una
dinamica temporal que se ve afectada por cambios estacionales relacionados con la temperatura, la
radiacion, el viento y el agua disponible, que generan variaciones en las comunidades microbianas
(Dorador et al., 2020; Molina et al., 2021). Existe una compleja interaccion entre los factores
ambientales y la calidad y dindmica del agua en los lagos salinos. Por ejemplo, en dos lagos salinos
poco profundos (Lago Los Flamencos en Chile y Lago Khalina en Bolivia) se encontraron
relaciones entre las fluctuaciones estacionales de temperatura y variables de calidad del agua como
salinidad, turbidez y concentracion de biomasa de fitoplancton (De los Rios-Escalante et al., 2024).
Otro estudio en el Salar del Huasco indica que el rol activo de las comunidades microbianas puede
verse afectado por la estacionalidad (periodos himedos y secos) que genera alteraciones en las
condiciones fisicas y quimicas del agua, provocando un desequilibrio en el ecosistema (Paquis et
al., 2023).

Aungue los estudios a corto plazo han proporcionado valiosos conocimientos sobre los lagos
salinos, especialmente a escala intradiaria, es imprescindible profundizar en el comportamiento a
largo plazo de estos sistemas, ya que los factores ambientales que influyen en los flujos verticales,
la actividad microbiana y el secuestro/almacenamiento de GEI pueden variar al pasar a escalas
estacionales o anuales (Molina et al., 2021; Pardo-Este et al., 2023; Richardson et al., 2024). La
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modelacion computacional se convierte en una herramienta esencial para comprender el
comportamiento de estos sistemas complejos, teniendo en cuenta que el monitoreo de los diferentes
procesos en lugares extremos, como los lagos salinos de gran altitud, y la prediccion de sus efectos
debido al cambio climético no siempre son factibles. La perspectiva a largo plazo permite alcanzar
un estado en el que los equilibrios y ciclos que caracterizan la respuesta del sistema son
independientes de las condiciones iniciales.

I.I  Objetivo

Este trabajo pretende estudiar la influencia de las tendencias climéaticas de variables
meteoroldgicas en lagos salinos de gran altitud y su relacion con el mecanismo que gobierna las
concentraciones de CO, y 0, en la columna de agua. Se presta especial interés al transporte de CO,,
y 0, através de las interfases aire-agua y agua-sedimento, a los procesos de consumo/produccion
relacionados con la produccion primaria y a los efectos de las forzantes meteoroldgicas sobre la
calidad del agua. Para esto se construye un modelo O-dimensional impermanente con el fin de
analizar los flujos y concentraciones de CO, y 0, en la laguna del Salar de Huasco a largo plazo
(1948-2021) y estudiar la dinamica de estas variables a diferentes escalas temporales. Para
desarrollar este modelo se utilizan datos meteorologicos y de calidad de agua medidos en dos
campanas de terreno (mayo del 2016 y noviembre del 2018), junto con los resultados que entrega
un estudio realizado por de la Fuente y Meruane (2017) donde elaboran un modelo espectral que
entrega simulaciones a largo plazo en humedales someros. El presente trabajo proporciona una
herramienta valiosa para investigadores que buscan comprender los efectos de los factores
ambientales relacionados con el cambio climético en los sistemas acuaticos.
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Abstract

Altiplanic saline lakes are located above 3000 m.a.s.l. in endorheic basins in South America.
Extreme environmental conditions and great ecological value characterize these systems. However,
they are threatened because they host great mineralogical wealth. In addition, climate change could
impact these environments, unbalancing water cycles and biochemical processes. Saline lakes play
a key role in recycling greenhouse gases through microbial activity, which can alter the effects of
meteorological forcings. To analyze these effects, we constructed a transient 0-D model that
simulates interphase mass fluxes and biochemical processes related to CO, and O, in the Salar del
Huasco lagoon, corresponding to a protected wilderness area in northern Chile. This article aims
to study the influence of climatic trends of meteorological variables in high-altitude saline lakes
and their relationship with CO, and O, dynamics. The model allows studying the long-term
behavior of control variables independent of initial conditions and at different time scales. The
results indicate that mass transport of CO, and 0, across the air-water interface dominates
variations of the concentrations in the column water. Atmospheric forcings were shown to
influence mass transport and water quality in high-altitude saline lakes, with wind speed being the
most significant factor. It is important to note that when talking about climate change, emphasis is
usually placed on fluctuations in ambient temperature; however, it is shown that it is relevant to
consider the variation of the wind regime.


mailto:aldelafu@ing.uchile.cl

1. Introduction

High-altitude salars are characterized by extreme environmental conditions with low 0, partial
pressure, high radiation, extreme intraday thermal oscillations, and freshwater-to-hypersaline
conditions (Dorador et al., 2020; Hernandez et al., 2016). These systems have salt crusts
surrounding the saline lakes, whose water supply comes mainly from groundwater (de la Fuente &
Nifio, 2010; Marazuela et al., 2019). Even though saline lakes can be found on all continents, high-
altitude saline lakes are found mainly on the Tibetan plateau and in the South American highlands
(Finlayson, 2018). In South America, saline lakes can be found above 3000 m.a.s.l in the central
depressions of endorheic basins in the altiplanic zones of Chile, Bolivia, Peru, and Argentina.

These dynamic ecosystems are characterized by microbial communities that intensely recycle
nutrients that limit gross primary production (GPP) (Gao et al., 2021; Huang et al., 2023; Yue et
al., 2021). At the trophic base, diatoms and cyanobacteria govern the lake's carbon dioxide and
oxygen fluxes (de la Fuente, 2014; Dorador et al., 2020; Paquis et al., 2023). Saline lakes are of
great ecological value, as they are oases that are home to a wide variety of species that have
physiological and biochemical mechanisms that allow them to tolerate the extreme conditions of
arid regions but are very sensitive to even small changes in climate (Finlayson, 2018). However,
these aquatic systems are threatened by an increased demand for high-value minerals (e.g., lithium)
and extractions from groundwater sources (Halkes et al., 2024; Marazuela et al., 2019). In the case
of hypersaline lagoons (>40 g/L), these are considered natural laboratories with unique scientific
value because they host a high biodiversity with simple trophic networks compared to other aquatic
systems (Gajardo & Reddn, 2019).

Saline lakes play a vital role in the context of climate change, as the microbial activity present
in these systems contributes to the recycling of greenhouse gases (GHG) through different
processes (e.g., carbon fixation, nitrification, and methanogenesis), causing the lakes to act as
sinks/sources of these gases (Dorador et al., 2020; Molina et al., 2018; Tranvik et al., 2009).
Additionally, climate change could modify the physical conditions of these environments,
unbalancing the local water cycle and natural biochemical processes (Uribe Rivera et al., 2017).

Higher temperatures and changes in evaporation and precipitation may cause salinity limits to
increase beyond the tolerance of invertebrates, such as brine shrimp (Artemia spp.) and brine flies
(Ephedra spp.) that are part of the food base of birds, especially flamingos. In addition, lake
desiccation results in extensive sources of fine dust that can threaten human health (Wurtsbaugh et
al., 2017).

On-site monitoring studies are often done to understand how the meteorological forcings affect
the dynamics of nutrients, carbon dioxide, and oxygen in complex systems, such as high-altitude
saline lakes. The 2018 E-DATA (Evaporation Caused by Dry Air Transport over the Atacama
Desert) field campaign was conducted in the Salar del Huasco to investigate the relationship
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between meteorological conditions and biochemical dynamics in the open waters of the saline lake
(Suarez et al., 2020). Suarez et al. analyzed the effects of wind on the €O, flux across the air-water
interface. They found there is a strong correlation between wind regimes, evaporation, and
biochemical processes present in the Salar del Huasco, emphasizing that climate change may affect
wind patterns. De La Fuente (2014) found diurnal meteorological cycles in which wind impacts
heat and mass transfer between the Salar del Huasco’s lake and the atmosphere. For instance,
during the nights and mornings, the water surface is characterized by calm conditions and low
sediment resuspension. However, during the afternoon, windy conditions dominate, promoting
sediment resuspension and exchanges between the air-water interface (AWI) and water-sediment
interface (WSI) (de La Fuente, 2014). The seasonal cycle that characterizes precipitation in the
Altiplano is dominated by changes in zonal flow, where easterly winds favor wet conditions
(summer) and westerly winds cause dry conditions (winter) (Garreaud et al., 2003). Other studies
have indicated that atmospheric circulation is a dominant factor controlling surface fluxes in the
desert (e.g., evaporation) and discard radiative energy as the main limiting factor (Aguirre-Correa
et al., 2023; Lobos-Roco et al., 2021).

As previously mentioned, microorganisms play a key role in GHG recycling and influence the
balance of organic matter and energy in saline lakes. The magnitude, flux, and direction (source or
sink) of GHGs in saline lakes have temporal dynamics that are affected by seasonal changes related
to temperature, radiation, wind, and available water, which generate variations in microbial
communities (Dorador et al., 2020; Molina et al., 2021). There is a complex interaction between
environmental factors and water quality and dynamics of saline lakes. For example, in two shallow
saline lakes (Lake Los Flamencos, Chile and Lake Khalina, Bolivia), intricate relationships were
found between seasonal temperature fluctuations and water quality variables such as salinity,
turbidity, and phytoplankton biomass concentration (De los Rios-Escalante et al., 2024). Another
study in the Salar del Huasco indicates that the active role of microbial communities can be affected
by seasonality (wet and dry periods) that generates alterations in the physical and chemical
conditions of the water, causing an unbalance in the ecosystem (Paquis et al., 2023).

While short-term studies have provided valuable insights into saline lakes, particularly on an
intraday scale, it is imperative to delve intothe long-term behavior of these systems, as
environmental factors influencing vertical fluxes, microbial activity, and carbon
sequestration/storage may vary at seasonal or annual scales (Molina et al., 2021; Pardo-Esté et al.,
2023; Richardson et al., 2024). Computational modeling becomes an essential tool to understand
the behavior of these complex systems, considering that monitoring the different processes in
extreme places, such as high-altitude saline lakes, and predicting their effects due to climate change
are not always feasible. The long-term perspective allows for reaching a state where balances and
cycles that characterize the system’s response are independent of the initial conditions.

This work aims to study the influence of climatic trends of meteorological variables in high-
altitude saline lakes and their relationship with the mechanism governing CO, and O,
concentrations in the water column. Particular interest is given to C0O, and O, transport through
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air-water and water-sediment interfaces, consumption/production processes related to primary
production, and the effects of meteorological forcing on water quality. We built a 0-dimensional
transient model to analyze fluxes and concentrations of CO, and O, in the water column of the
Salar del Huasco in the long term (1948-2021) and to study CO, and O, dynamics at intraday,
daily, monthly, annual, and seasonal scales.

To calibrate the model, we used meteorological and water quality data from two field
campaigns (2016 and 2018) and the results from a long-term study in high Andean shallow saline
lakes by de la Fuente and Meruane (2017). The present study provides a valuable tool for modelers
looking to understand the effects of environmental factors related to climate change on aquatic
systems.

2. Materials and methods

2.1. Study site

The Salar del Huasco (hereinafter Salar) is located at 3,800 m above sea level in an endorheic
basin north of Chile (20°18'18"S, 68°50'20"W) (Figure 1). This place is recognized as one of the
most pristine wetlands of Chile and is a habitat with highly endemic biodiversity (Decreto No. 66,
2023). The fauna includes a variety of camelids and birds, including the Chilean Flamingo
(Phoenicopterus chilensis), the Andean Flamingo (Phoenicoparrus andinus), and the James's
Flamingo (Phoenicoparrus jamesi) (Caziani et al., 2007; de la Fuente, 2014).

-74°12'  -68°54'  -63°36' -68°49"
v S A o 1 2km
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-
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e,y et
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® Field measurements

CEAZA's Salar de Huasco
meteorological station

‘.“ N o

Figure 1. Map of the Salar de Huasco. a) Location of the Salar in Chile. b) Detail of the Salar,
sampling site, and CEAZA's Salar del Huasco meteorological station.



In 1996, the Salar was declared as a wetland of international importance and was included
in the list of RAMSAR-protected sites. Later, in 2023, it was decreed as a National Park (Decreto
No. 66, 2023). The Salar is characterized by temperatures (T,) ranging from -20°C to 20°C,

maximum daily irradiation (Rs,,) around 1000 Kz average relative humidity (RH%) of 42%
m

(Centro de Estudios Avanzados en Zonas Aridas [CEAZA], n. d.), and wind speeds (U,,) up to 16

Z (Lobos-Roco et al., 2022a). Hourly data for T,, Rg,, RH%, and U, from 2015 to 2021 is

S

summarized in Figure 2 and the seasonal behavior of these variables is shown in Figure 3. The

average annual precipitation is 135 my—;" and potential evaporation is 1285 7;—;” (de la Fuente et al.,

2021).
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Figure 2. Hourly data (gray solid lines) and monthly averages (coloured lines) of a) solar
radiation, b) relative humidity, c) wind speed, and d) air temperature. Data obtained from the
public repository CEAZA's Salar del Huasco meteorological station (CEAZA, n. d.).
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Figure 3. Monthly averages for a) solar radiation, b) relative humidity, c) wind speed, and d) air
temperature show the seasonal variation in the study area. Data obtained from the public
repository CEAZA's Salar de Huasco meteorological station (CEAZA, n. d.).

2.1.1. Field measurements

Data were collected during field campaigns in the austral autumn 2016 (May) and spring
2018 (November). Located at the water sampling site (Figure 1), a sonic anemometer with a built-
in infrared gas sensor (IRGASON, Campbell Sci., Logan, UT, USA) collected the following
measurements: Fc,, across the air-water interface, wind speed (U,,), air temperature (T,), relative
humidity (RH%), atmospheric pressure (P), and €O, concentration in the air ([CO,],;). Water
temperature (T,,), electrical conductivity (EC), and dissolved oxygen concentration ([0,],4) were
measured using a HOBO U26 data logger (Onset Computer Corporation, Bourne, MA, USA). Solar
radiation data (R,,,) were collected using a CNR4 Net radiometer (Kipp & Zonen, Delft, The

Netherlands).

2.2. Model of €O, and 0, dynamics

We used a 0-dimensional impermanent model to simulate the intraday variation of dissolved
C0, and 0, in the Salar’s water column, as well as the fluxes of CO, and 0, across the air-water
interface (AWI1) and the water-sediment interface (WSI). The model integrates mass balances for
the control variables [CO,] 44, [02]44, biomass (B), and detritus (DET) (Equations 1 to 4). The
study by Hull et al. (2008) was used to develop this model. Figure 4 shows a schematic of the Salar
and the interactions between control variables. Details about the mathematical formulation for each
process and fluxes are presented in the Appendix.



According to observations made in the study area, the surface of the saline lake freezes during
the night, impeding mass exchanges between the atmosphere and the water column. This condition
is considered within this model, and freezing is assumed to occur when the water temperature
values are below 0°C.

2 — ‘t*-—": - ~
~ Salar de Huasco =
= 31 5 .

{3 External forcing
[ X1 Control variables

O Biochemical processes
— Interactions between
variables and processes

02: Dissolved oxygen F:  Mass flux through AWI or WSI PhS: Photosynthesis

~ | CO2: Carbondioxide  AWI: Air-Water interface PhR: Photorespiration >
B: Biomass storage =_— R: Respiration
GOOQ|€ Earth DET: Detrital organic ~ WSI: Water-Sediment interface BOD: Biochemical
i matter = oxygen demand

Figure 4. Diagram of processes (transport and biochemical) and control variables present in the
model.
2.2.1. Dissolved oxygen concentration

The main processes and fluxes affecting the concentration of O, in the water phase are
described in Equation 1.

W2las — phs + Lozl 4 TLWS_ BOD — Res —c 0
where, h,, is the depth of the water phase, nPhS is the net [0,] contribution due to photosynthetic
processes, Fo, aw; is the flow of [0,] across the AWI due to reaeration, Fy, s, is the oxygen
exchange at the WSI, BOD is the biological oxygen demand, and Res is the contribution due to
biomass respiration. Specific processes involved in the [0,] mass balance are:

e Net photosynthesis, nPhS: it represents an oxygen production/consumption term resulting
from the contribution of photosynthesis minus photorespiration. This process depends on
temperature, solar radiation, available carbon dioxide, and nutrient limitation, which is
related to the trophic state of the lake and is represented by the dynamics of biomass (B)
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expressed in terms of chlorophyll-a.

e Reaeration, Fy, 4y, - cOrresponds to the oxygen exchange between the atmosphere and the

water body. This process depends on the concentration of oxygen present in the water
column, is governed by physical exchanges, and is influenced by the wind regime.

e Biological oxygen demand, BOD : denotes the microbial degradation of organic matter in
water. It depends on the water temperature and the concentration of available organic
detritus (DET) that corresponds to the substrate for the process.

e Respiration, Res : corresponds to mitochondrial respiration, a metabolic process carried
out by biomass that depends on temperature and organic matter concentration.

e Oxygen exchange at the WSI, Fy,, 1, : corresponds to a model of oxygen exchange at the

water-sediment interface. This flux is influenced by turbulence in the water column. It also
depends on diffusive transport within the sediments and the rate at which biochemical
processes produce and consume dissolved oxygen.

e Extra 0, consumption, ¢ : corresponds to a process associated with 0, consumption in the
water column that is included to simulate the rapid declines observed in [0,],, values
measured in the field, where anoxic conditions are reached.

2.2.2. Dissolved carbon dioxide concentration

For CO, in the water phase, the main processes and fluxes affecting its concentration are
shown in equation 2.

d[czi]“q = FCOZV'VWS’ + FCO;V'VAW’ + Res — nPhS x ko,—co, (2)
where Fco, wsi is CO, flux at the WSI, F¢o, aw; is the carbon dioxide exchange at the AWI, Res
is the contribution due to biomass respiration, nPhS is the net CO, contribution due to
photosynthetic processes, kq,—co,iS the constant relating the rates at which €O, consumption
occurs as a function of 0, production due to photosynthesis, and h,, is the depth of the water phase.
Specific processes involved in the CO, mass balance are:

e Carbon dioxide exchange at the AWI, F¢q, aw; - COrresponds to the carbon dioxide flux

between the aqueous and gas phases. It depends on the concentration of carbon dioxide
present in the water column, is governed by physical exchanges, and is influenced by the
wind regime.

e Carbon dioxide exchange at the WSI, Fo, ws; - corresponds to a model of carbon dioxide

flux through the sediment-water interface. This flux is influenced by turbulence in the water
column. It also depends on diffusive transport within the sediments and the rate at which
biochemical processes produce and consume carbon dioxide.
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e Net photosynthesis, nPhS: it represents an oxygen production/consumption term resulting
from the contribution of photosynthesis minus photorespiration. This process depends on
temperature, solar radiation, available carbon dioxide, and nutrient limitation, which is
related to the trophic state of the lake and is represented by the dynamics of biomass (B)
expressed in terms of chlorophyll-a.

e Respiration, Res : corresponds to mitochondrial respiration, a metabolic process carried
out by biomass that depends on temperature and organic matter concentration.

2.2.3. Biomass concentration

The main processes and fluxes affecting the concentration of B in the water phase are
described in Equation 3.

disl

ke Growygt + Growseg — LOSSyqr — LOSSgeq (3)

where Grow,,,; and Loss,,,; are growth and loss of biomass in the water column and Growg,.
and Lossgeq4 are growth and loss in the sediments. The specific processes involved in the biomass
balance are described below:

e Growth of biomass in water, Grow,,,;: biomass growth is related to primary production in
the water column; therefore, it depends on net photosynthesis.

e Growth of biomass in sediments, Growg.,: corresponds to the growth of biomass
associated with primary producers in the sediments. This depends on the net oxygen
production in the sediments.

e Loss of biomass in water, Loss,,4;: corresponds to the loss of biomass in the water column.
Biomass loss is due to natural death and is obtained by considering the decay rate of the
living biomass. The biomass concentration in the water will depend on the percentage of
sediment resuspension.

e Loss of biomass in sediments, Lossg,,4: corresponds to the loss of biomass in the sediments.
In this case, the biomass concentration will depend on the percentage of sediment that is
not resuspended by the wind.

2.2.4. Detritus concentration

The processes associated with detrital concentration in the water column are shown in
Equation 4.

d[DET)

pranke Lossyqt + LO0SSgeq — BOD — 1 4)

where Loss,,,;; and Lossg., are the loss of biomass in the water and sediments, BOD is the
12



biological oxygen demand, and 7 is the rate of oxygen consumption in the sediments. Dead biomass
increases the amount of substrate, while the degradation of organic matter consumes that substrate.
The specific processes involved in the detritus balance are described below:

e Loss of biomass in water, Loss,,4;: corresponds to the loss of biomass in the water column.
Biomass loss is due to natural death and is obtained by considering the decay rate of the
living biomass. The biomass concentration in the water will depend on the percentage of
sediment resuspension.

e Loss of biomass in sediments, Lossg,.4: corresponds to the loss of biomass in the sediments.
In this case, the biomass concentration will depend on the percentage of sediment that is
not resuspended by the wind.

e Biological oxygen demand, BOD : denotes the microbial degradation of organic matter in
water. It depends on the water temperature and the concentration of available organic
detritus (DET) that corresponds to the substrate for the process to take place.

e Oxygen consumption in sediments, 7: corresponds to the rate of consumption within the
active layer &,,. This consumption includes respiration by photosynthetic microorganisms,
respiration by bacteria, and oxygen uptake due to inorganic chemical reactions.

To solve the differential equations mentioned above, we use the Runge-Kutta numerical
method, which corresponds to a high-precision iterative method that allows to determine the
solution at time t = t;,; from the solution at time t = t;. Details on this method and the equations
used can be found in "Numerical Methods for Engineers"” by Chapra and Canale (2015).

2.3. Model data

To simulate historical trends of 0, and €O, concentrations in the water column, we used
input data from de la Fuente and Meruane (2017) from 1950 to 2020. De la Fuente and Meruane
used a spectral model to simulate long-term thermodynamics in shallow wetlands, specifically in
the Salar del Huasco. The data include water temperature (T,,), solar radiation (Rg,,), atmospheric
pressure (P), air temperature (T,), wind shear velocity (u.), and specific humidity (g). For
verification, Figure 5 compares the simulated data by de la Fuente and Meruane (2017) with the
data measured in the field. While Figures 5 a), c), and e) show de la Fuente and Meruane’s long-
term simulated series of T,, T,,, and U,,, Figures 5 b), d), and f) show a close-up comparison with
the field campaign conducted in November 2018.
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Figure 5. Verification between the simulated data by de la Fuente and Meruane (2017) and field
measurements. Panels a), c) and €) show the simulated long-term series for of T,,, T,,,, and U,,,,
respectively. Panels b), d), and f) show the simulated (gray line) and measured (colored lines)

data for November 2018.
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2.4. Sensitivity analysis and calibration of parameters

The parameters present in the model are calibrated using values obtained from the literature.
This calibration was performed using dissolved O, and F¢q, 4w, Measured data in two field
campaigns conducted in the Salar in 2016 and 2018. It is important to consider that there are no
measured concentration data in the water column for all the control variables and no measurements
in the different seasons of the year, which may influence the calibration and precision of the
results.

The calibrated parameters were used to perform a global sensitivity analysis to determine the
most relevant processes associated with [0,],4 and [CO,],4. We used Sobol's index, an analysis
based on dividing the result's variance into fractions corresponding to individual contributions of
input variables to the total variance (Sobol, 2001). Sobol's indices can be estimated depending on
whether interactions between variables are considered.

First-order indices correspond to the direct contribution of each input variable to the output
variable. Higher-order indices include the joint effect of two or more input variables on the output.
The sum of all the indices associated with an output variable equals 1. In this case, we used the
first-order indices to find the individual influence of each process on the control variables.

Figure 6 presents the first-order indices associated with each source/consumption term for
oxygen and carbon dioxide in the water column. We used the Python Sensitivity Analysis Library
(SALIDb) for these calculations. Since we have a time series for control variables and processes, the
sensitivity analysis generates a sensitivity time series. The mean values of these series are shown
in Figure 6. Lighter colors indicate less influence of the process on the control variables, and darker
colors indicate a more significant effect.

nPhS FOz awm FOz wsi BOD Res FCOz wsi FCOz am 5
o
L -0.6
& - 0.078 0.000 0.000 0.000 0.000 0.000
=)
-0.4
B
- 0522 0.030 0.050 0.000 0.000 0077 -0.2
=]
-0.0

Figure 6. First-order Sobol index values (S, ) associated with each process related to the control
variables [0,]44 and [CO3]44-

The sensitivity analysis results indicate that the processes that have the most significant
influence on [CO,],, are mass exchange between air-water interfaces (Fco,aw;) and net
photosynthesis (nPhS). In the case of [0,],4, it is observed that the main processes are the flux
through the AWI (F,, 4w;) and net photosynthesis. Figure 6 shows that the sum of the indices for
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[CO,]qaq 1s 0.821, and for [0,],, is 0.926 (both values less than 1), which implies that there are
interactions between parameters (higher order indices) that influence the output variables.

A second calibration is carried out, focusing on the parameters associated with the most
significant processes. A 70-year modeling is performed for different parameter combinations to
obtain the best fit between simulated and measured data. A total of 3,000 samples were obtained,
and each sample's root mean square error (RMSE) was calculated. The 100 samples with the lowest
RMSE were used to obtain the final values of the calibrated parameters. The parameters associated
with these samples were averaged and are presented in Table 1. The range of RMSE values for the

100 samples was 0.0022 to 0.0027 [%] for Feo, s and 3.02 to 4,09 [%] for [03]aq-

Table 1: Calibrated parameter values used in the final model (mean + standard deviation)

li .
Parameter Value range Reference Calibrated Unit
value
Clchlorophyll-a ratio (Jergensen et al., mg C
. .03 +0. —_—
for algae 0.05 1991) 0.03 £ 0.003 mg Chla
. 0.0585 - mg 0,
A3 +0.
Umax | O, max production rate 1,944 (Hammer, 1981) 1.73+0.22 mg Chla - min
0, max consumption (Hull et al., mg 0,
. .06 £ 0.
%PhR rate 0.0583 2008) 006001 | Chia - min
Temperature
. Hull et al.,
Ophs correction factor 1.036 ( gogé)a 1.11 + 0.06 -
(photosynthesis)
Temperature (Hull et al.,
Opnr correction factor 1.08 - 1.47 | 2008), (Stefan & 1.09 +0.13 -
(photorespiration) Fang, 1994)
Half-saturation
. Hull et al., w
Qrsw | cCONstant for radiation 50 ( ;00‘38)61 544+ 5.6 —
in photosynthesis m
Half-saturation
L Hull et al., w
Brsw | constant for radiation 150 (Hulleta 150.8 + 20.3 —
. . 2008) m?
in photorespiration
Half-saturation (Hull et al., mg 0,
k 2.5 2.56 + 0.
% | constant for oxygen 2008) %6£0.33 I
Half-saturation
Burkh
kco constant for carbon 34-5 (Burkhardt et 3.57 +0.44 uM
2 . al., 2001)
dioxide
Constant to calculate
Ao, the O, transfer rate - Calibrated 0.30 + 0.04 -
through AWI
Constant to calculate
Aco, | the CO, transfer rate - Calibrated 1.03+0.11 -
through AWI
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3. Results

3.1. Model prediction

Long-term simulated physical and biochemical processes related to 0, and CO, dynamics in
the Salar's water column are presented in Figures 7 and 8, respectively. Figures 7 and 8 also show
a comparison between measured data and the simulated variables. Figure 7b shows the hourly
values (gray line) and the annual averages (blue line) of dissolved 0, simulated for 70 years; both
curves were obtained from the average of the 100 best samples. The annual average concentration

remained close to 3 % throughout the entire series and hourly level there was a variation in the
trend between the years 2005 and 2015.

A close-up comparison between the simulations (blue lines) and the measured data (green
lines) is shown in Figures 7a and 7c. The blue shaded area in all panels corresponds to the 95%
confidence interval associated with the 100 samples with the lowest RMSE. The simulation
indicates lower 0, concentrations during the early morning, where anoxic states are reached, and

concentrations close to 5 % at midday for both field campaigns. For the 2016 data set (Figure 7a),

the simulation underestimates the maximum values of dissolved O, concentrations. While for the
2018 campaign, a simulated series closer to the field measurements is observed (Figure 7c¢).
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Figure 7. Long-term simulation results for [0,],. (b) Hourly values (gray line) and annual
averages (blue line). Comparison between simulated values and field campaigns data from May
2016 (a) and November 2018 (c).

Figure 8b shows the hourly values (gray line) and the annual averages (red line) of CO,
fluxes at the AWI simulated for 70 years, both curves were obtained from the average of the 100

best samples. The annual average concentration remained close to 0.001 % throughout the entire
series.
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A close-up comparison between the simulations (brown lines) and the measured data
(yellow lines) is shown in Figures 8a and 8c. The brown shaded area in all panels corresponds to
the 95% confidence interval associated with the 100 samples with the lowest RMSE. The
simulation indicates a CO, flux close to zero at the AWI during the morning and a positive flux

. . . g m
(entering the lake) during the afternoon, reaching values of 0.003 for the 2016 campaign and
mg m
0.005 —- for 2018.
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Figure 8. Long-term simulation results for carbon dioxide flux at AWI. (b) Hourly values (gray
line) and annual averages (red line). Comparison between simulated values and field campaigns
data from May 2016 (a) and November 2018 (c).
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3.2. Seasonal variation

The seasonal-scale dynamics of dissolved 0, and €O, concentrations in the water column and
CO0,, flux across the AWI are shown in Figure 9. Figure 9a shows that 0, concentrations do not

show significant variations throughout the year, with monthly averages ranging from 2.6 to 3.2 %.
Regarding CO,, Figure 9b shows a high seasonal variation, with averages close to 0.6 % in the

summer (December to March) and values reaching 1.1 % in June and July.

During winter, low temperatures favor freezing in AWI, limiting effective radiation,
resuspension of the active sediment layer, and gas transport processes such as €0, flux (Figure
9c).
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Figure 9. Seasonal variation for 0, concentration in the water column (a), CO, concentration in
the water column (b), and CO, flux through AWI (c). The boxes represent the quartiles (25% and
75%), the filled red circles are the averages, the horizontal black lines are the medians, the bars
represent the maximum and minimum values, and the circles correspond to the outliers.
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3.3. Effects of inputs on control variables

One of the main objectives of this work was to study the relationship between meteorological
forcings related to climate change and the effects on the quality of aquatic systems, particularly in
shallow, high-altitude lagoons. Figure 10 presents a comparison between the principal control
variables (CO, and 0,), the CO, flux through AWI (F¢py aw;), and two variables that were used
as inputs to the model (T, and u.). The circled lines correspond to the annual average series, and
the shaded areas represent the interval between the annual average calculated with the daily
maximums and minimums.

Figure 10a shows that the curve of annual averages of [CO,],, since 1948 has increased
slightly (orange circles). It is observed that the annual minimum curve shows an increase between
the years 2005 and 2010. In the case of [0,],, (Figure 10b), the curve of annual averages (blue

circles) presents values ranging between 2.8 and 3.8 %. The annual maximum curve shows an

increase in concentration between 2005 and 2010, reaching values above 5 %. Figure 10c shows

the absolute values of carbon dioxide flux (without direction) through AWI; here, the average curve
is constant over time until 2007, when the flux decreases.

Figure 10d shows that the lowest air temperatures occur between 2005 and 2012. In the case
of wind speed (Figure 10e), in the year 2000, the curve of average daily maximums begins to
decrease, reaching the lowest values in 2007, and the curve of average daily minimums shows an
increase in these same years. The figures show that the periods of greater variation of the curves
for the output variables coincide with the periods of greater change in the inputs.
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Figure 11 shows the effects of the inputs water temperature (T,,) and wind shear velocity
(uc) on the output variables [CO;]q4 and [0;]44, both of which correspond to variables simulated
in the long-term by the spectral model of de la Fuente and Meruane (2017). The hourly series in
light gray and the annual averages curve (filled circles) show the behavior of the control variables
if a mean water temperature is used as input. The same procedure was carried out with wind shear
velocity (dark gray time series and curve with unfilled circles). It was observed that the latter input
had a significant influence on the control variables since a greater variation is seen on an hourly
scale compared to the series associated with T,,.
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Figure 11. Concentration results for CO, (a) and 0, (b). Gray areas correspond to hourly data
calculated with the average shear rate u; (dark gray) and with the average water temperature T,,
(light gray). The series of circles correspond to the annual averages calculated with @, (unfilled

circles) and with T,,, (filled circles).

4. Analysis and discussion

From the results of the sensitivity analysis, it can be concluded that oxygen and carbon dioxide
concentrations depend mainly on physical processes of mass transport between the lake and the
atmosphere (Fgo, aws and Fo, aw;), and not on biochemical processes. Identifying the main
processes allows us to filter the parameters that most influence [CO,],q and [0,],, Variations. It
is important to take into consideration that when performing the second calibration with these
parameters, the 100 best samples are obtained, which implies that the results are not conditioned
to a single sample, as shown in the confidence intervals presented in Figures 7 and 8. Adding to
this, these figures show that the model can simulate the intraday dynamics of [0,],4 and CO, flux
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through AWI, respectively. The behavior of the F¢o, 4w during the mornings may be due to the
low temperatures that generate freezing on the lake surface, impeding fluxes between the lake and
the atmosphere. It is important to take into consideration that, as mentioned above, the inputs used
(hourly data) come from the study by de la Fuente and Meruane (2017) where the spectral model
presented uses NCEP-NCAR atmospheric reanalysis data, which provides information every 6
hours. De la Fuente and Meruane (2017) indicate that the reanalysis data were linearly interpolated
every hour, therefore, variations obtained between the field campaigns and the simulations may be
due to the limitations that the spectral model may have on the intraday scale.

One key takeaway from our study is that the model can generate long-term simulations that
match field measurements. This capability, coupled with the model's independence from initial
conditions, underscores its potential to accurately depict the system's equilibrium associated with
mass balances.

Our model also provides key information on the seasonality of the control variables. The
results revealed distinct behaviors of CO, and 0, concentrations. For instance, the increased
[CO;]qq during winter is attributed to decreased solar radiation (Rsy,), Which influences
photosynthetic processes and subsequent CO, consumption by primary producers.

As shown in Figure 10, the model inputs associated with meteorological variables influence
the control variables. More importantly, wind speed is a key forcing affecting high-altitude saline
lakes on different time scales, especially hourly (Figure 11). Wind not only influences the fluxes
analyzed in this model, but previous studies have also found that this variable influences the energy
balance of the Salar. During the morning, the latent heat flux is limited by the absence of
mechanical turbulence; on the contrary, the arrival of regional wind flow during the afternoon
generates an increase in mechanical turbulence triggering high evaporation rates, which rules out
radiative energy as the main limiting factor of surface fluxes (Aguirre-Correa et al., 2023; Lobos-
Roco et al., 2021; Lobos-Roco et al., 2022b). It is important to note that when we talk about climate
change, its effects are mainly related to the increase in ambient temperature. However, wind
patterns are also affected, thus affecting the flow and quality of water in aquatic systems.

This study analyzed different processes that may play a role in each control variable's mass
balances. However, in the case of [C0,],q, the model results indicate that the only process that
generates variations in concentration within the water column is the flux through the AWI. In
addition, most of the positive flux values in Figure 8b suggest that the Salar del Huasco behaves as
a sink for atmospheric C0O,, which is also observed in the increase of C0O, concentration over time
(Figure 10a).
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5. Conclusions

Salars are habitats with a unique reservoir of biodiversity and play a key role in greenhouse
gas cycles. These systems have closed dynamics, which means that any change, however small it
may seem, generates effects that greatly influence each other and unbalance the physical, chemical,
and biological cycles.

The saline lakes present atmosphere-surface interactions that vary on different time scales and
trigger changes in biochemical cycles. In this work, we studied the effects of meteorological forcing
on water quality and the processes in these aquatic systems. A transient 0-D model capable of
simulating 0, and CO, concentrations in a shallow lagoon of the Salar del Huasco was developed
to study the influence of environmental factors on the dynamics of biochemical and transport
processes and, thus, on the system's water quality. The results indicate that meteorological factors
have significant effects on high Andean wetlands; in particular, it was concluded that one of the
main forcings is the wind regime and that a change in this variable can generate greater impacts
than fluctuations in temperature. Therefore, it is relevant to consider this variable in climate change
studies, especially when performing intraday scale analyses.

It would be interesting to incorporate other processes related to the variables studied in future
model versions, such as reactions associated with the carbonate system and anaerobic processes.
In addition, as mentioned above, salars play an essential role in climate change; for this reason,
other control variables associated with greenhouse gases (e.g., methane and nitrous oxide) could
be incorporated, and the behavior of this aquatic system could be analyzed. In addition, it is
recommended that more detailed field campaigns be carried out in different seasons of the year to
have continuous measurements of all the control variables. Particularly in this study, having CO,
concentration data would allow for better calibration and thus achieve a more accurate simulation
of the processes in Salar del Huasco.

The model presented in this study corresponds to a first approximation of the functioning of
this type of aquatic system. It is important to point out that the methodology presented is
transferable to simulate processes in lagoons in other parts of the world with the necessary
meteorological and water quality information.
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Appendix

This part presents the details of the mathematical formulation of each process and flows.

A.1 Dissolved oxygen concentration

Specific processes involved in the [0,] mass balance are:

Net photosynthesis, nPhS: described in equation A.1, accounts for the contribution of the
photosynthesis (PhS) minus photorespiration (PhR). For this process, the equations described in
Hull et al. (2008) were used:

nPhS = PhS — PhR (A1)
The photosynthesis process is described as:
PhS = Ppax - f(Rswess,[C051aq) - Chla (A.2)

where B, 1S the maximum oxygen production due to photosynthesis, f(steff, [COZ]aq) isa
limitation function of the effective solar radiation (Rsw,sf) and dissolved CO,, and Chla is the
chlorophyll A concentration.

Equations A.3 and A.4 present the calculations for the maximum oxygen production B,

and for the function f(steff,[COZ]aq). For this last term a multiplicative limitation was
30
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considered, i.e., it is defined as the product of the functions (Jgrgensen & Bendoricchio, 2001):

Brax = Mmax " ePhS(TW_ZO) (A-3)

f(RSWeff , [Coz]aq) = f(st,eff) ' f([COZ]aq) = Ve ' [COZ]aq (A-4)

RSWerr+aRad [Coz]aq+k602

where pmaq, 1S the maximum oxygen production rate at 20°C, 6p, is the temperature correction
coefficient, T, is the water temperature, as,, is the radiation half-saturation constant, and k, is
the semi-saturation constant for carbon dioxide dissolved in water.

The effective radiation Rsw,r; depends on whether there is a layer of ice on the lake
surface. For this, the equation described in Lepparanta (2015) is used:

Rswerr = (1 —a)-T - Rsw If there is ice cover (A.5)
RSWeff = Rsw If not (AG)

where, a is the albedo, and I' is an empirical coefficient of the fraction of shear wave radiation
crossing the ice surface, and Rsw is the measured incident radiation.
The photorespiration process is described as:

PRR = PRy - 9(Rswess,[02]4q) - Chla (A.7)

where PR, Iis the maximum photorespiration rate as a function of water temperature,
9(Rswesr,[0,]44) is the limitation function of the effective solar radiation Rsw,; and [0;]44,
and Chla is the chlorophyll A concentration.

Equations A.8 and A.9 present the calculations for the maximum photorespiration rate
PR, and for the limiting function g(steff,[Oz]aq). For this last term a multiplicative

limitation was considered, i.e., it is defined as the product of the functions (Jgrgensen &
Bendoricchio, 2001):

PRumax = Qpng * Opng ¥ 20 (A.8)
_ _ RsWerr . t 16 [02]a
I(Rswery,[02]aq) = g(Rswegs) - 9([021aq) = Rswor,+Brom S (ﬂ ;) ' ([02];—;;02) (A.9)

where apyr IS the maximum oxygen consumption rate at 20°C, 6,z IS a temperature correction
coefficient, T,, is the water temperature, Rsw,¢¢ is the effective solar radiation presented in

equations A.5 and A.6, Brs, IS the radiation half-saturation constant, t corresponds to the time of
day, and k, is the semi-saturation constant for oxygen dissolved in water.

Reaeration, Fy, 4w, : described in equation A.10, corresponds to the exchange of oxygen between

the atmosphere and the water body. For this process, the equation described in Hull et al. (2008)
and Cole & Prairie (2009) were used:

Foz AWL = kair,o2 '([02,sat]aq - [Oz]aq) (A.10)
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The following equation is used for the gas transfer velocity k,; o, (Zappa et al. (2007):
kair,oz = AOZ ' (3 : U)O'ZS ' (SC)_O'S (A-ll)

Where, [OZISQt]aq is the saturation concentration in water, Ao, is a dimensionless constant, v

corresponds to the kinematic viscosity of water, ¢ is the turbulent kinetic energy rate, and Sc is the
Schmidt number.

Biological oxygen demand, BOD : described in equation A.12, denotes the microbial degradation
of organic matter in water. For this process, the equations described in Hull et al. (2008) were used:

BOD = kBOD . eBOD(TW_ZO) . DET (AlZ)

where, kgop IS the organic matter degradation constant, 65, iS a temperature correction constant,
T,, is the water temperature, and DET corresponds to the total detrital concentration, i.e., in the
water column and in the sediments.

Respiration, Res : described in equation A.13, represents a model of respiration, a metabolic
process carried out by photosynthetic organisms. For this process, the equations described in Hull
et al. (2008) were used:

Res = Qpps - Ores 2% - Chla (A.13)

where, ag, IS the respiration constant, T,, is the water temperature, and 6, IS the temperature
correction constant.

Oxygen exchange at the WSI, F,, s, : corresponds to a model of oxygen exchange at the water-
sediment interface. For this process, the equations described in Ordofiez et al. (2015) were used.

The 0, that is not consumed in the active sediment layer is called the effective oxygen
dissolved production rate (Pe):

Pef =P—-1- 6}9 (A.14)
P = Ppax - f(RSWeff,sed ’ [COZ]sed) - Chlagseq (A-15)

where, 7; corresponds to the rate of consumption within the active layer, P is the rate of oxygen
production in the sediments, B, IS the maximum oxygen production due to photosynthesis in
sediments, &, corresponds to a thin layer on top of the sediments where benthic primary production

oceurs, f(RsWe s sea » [CO2lseq) is the limiting function relating the effective solar radiation on
sediments (RSWeff,sed) and CO0, concentration in sediments, and Chla,, is the chlorophyll A
concentration in sediments.

Prax and f(RsWess seq » [CO4]50q) are described in equations A.17 and A.18. For this last
term a multiplicative limitation was considered, i.e., it is defined as the product of the functions
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(Jergensen & Bendoricchio, 2001):

Brax = Umax ePhS(TW_ZO) (A.16)
f(RSWeff,sed: [COZ]sed) = f(RSWeff,sed) 'f([COZ]sed)
1 . ARswtRSWerr sed . [COz)s5ea
f(steff'Sed ’ [COZ]Sed) - ks ‘Sp ln ( ORsw ) [Coz]sed+ kCOZ (A17)

where U4, 1S the maximum oxygen production rate at 20°C, 6p; is the temperature correction
coefficient, T,, is the water temperature, k, is the attenuation coefficient of the active layer of algae,
&, corresponds to a thin layer on top of the sediments where benthic primary production occurs,
agsw IS the radiation half-saturation constant, and k¢, is the semi-saturation constant for carbon
dioxide dissolved in water.

In the case of effective radiation in sediments, this varies due to the shading of algae and the
sediments between them (De La Fuente, 2014):

RSWeff,sed = Qgeq steff . exp(—kd . hw) (A18)

where, a,.q is a dimensionless constant, Rsw, is the effective solar radiation calculated with
equations A.5 and A.6, k, is the vertical attenuation coefficient, and h,, is the depth of the lagoon.

The equation to define the oxygen flux through WSI is calculated depending on the value
of P.s, if P,y = 0, Fp, ws is obtained with equation A.20 (Ordoriez et al., 2015):

AV Po\ 1 P\2 _ , (PaPer [02lag _ 14 _ -~ T2bpP)]
Fo, ws1 = 2 l(kw_q[ +2 52) \/(kws, + 252) 4( S,2 S, 1-a) 5,2 )|

(A.19)

S, = 2¢7; D, (A.20)

P, = P — A76, (A.21)
AF =7 — 75 (A.22)

where, kyys; is the diffusion mass transfer coefficient at the sediment-water interface (de la Fuente
et al., 2016), D, is the molecular diffusion coefficient modified by tortuosity, ¢ is the porosity of
the upper layer sediment, 7; corresponds to the rate of consumption within the active layer, 7 is
the rate of oxygen consumption below the active photosynthetic layer, and &, corresponds to a thin
layer on top of the sediments.

On the contrary, if P, < 0, Fy, s is calculated with equation A.24:

_ S |( 1 24126, 1 241,82 24156y [02]aq
Fo, ws1 = 2 [(kws, +2 S, ) \/(kws, +2 S, ) t 4( 5,2 + S, )| (A.23)
Aty =13 — 1, (A.24)
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WP

=i

(A.25)

where, a,, represents the variability of the rate of DO production.
However, it must be determined which consumption rate is influencing the flow value. In

the case where @ = &, the flow is influenced by the area under &, and equation A.24 is
3
representative of the problem, on the contrary, if M < &, the flow is only influenced by 7
3

and the equation to calculate it is:

Fo.wst = 2|(55) - ()~ +(%29) ()

S§3 = 2¢73D; (A.27)

%=ﬁ—%f (A.28)

where, 7; corresponds to the rate of consumption within the active layer &, a,, represents the
variability of the rate of dissolved O, production, ky,g; is the diffusion mass transfer coefficient,
D, is the molecular diffusion coefficient modified by tortuosity, and ¢ is the porosity of the upper
layer sediment.

A.2 Dissolved carbon dioxide concentration

Specific processes involved in the [CO,] mass balance are:

Net photosynthesis, nPhS: the details of this process are presented in equations A.1 to A.9.
Respiration, Res : the details of this process are presented in equation A.13.

Carbon dioxide exchange at the AWI, Fq, aw; - described in equation A.29, corresponds to a

model of CO, exchange between the aqueous and gas phases. For this process, the equations
described in Hull et al. (2008) were used:

FC02 AWIL = kair,COZ : ([COZ,sat]aq - [COZ]aq) (A.29)
The following equation is used for the gas transfer velocity k. co, (Zappa et al. (2007):
kairco, = Aco, " (& )05 . (S¢) 703 (A.30)

where kg;r co, 1S the gas transfer velocity, [COZ,Sat]aqis the saturation concentration in water, A¢o,

is a dimensionless constant, v corresponds to the kinematic viscosity of water, ¢ is the turbulent
Kinetic energy rate, and Sc is the Schmidt number.

Carbon dioxide exchange at the WSI, F¢o, ws; - described in equation A.31, corresponds to a
model of CO, exchange at the water-sediment interface.
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z .
FCOZ wsi = Scop_, <1 - \/1 + 4. (kWSI [COZ]aq)> (A.31)

2:-kwsr Sco,
Scoz =2¢- 77co2 - Dy (A.32)
Tco, = P - ko,-co, (A.33)

where, kyg; is the diffusion mass transfer coefficient at the sediment-water interface, D; is the
molecular diffusion coefficient modified by tortuosity, ¢ is the porosity of the upper layer
sediment, 7o, Is the consumption rate due to photosynthesis, P is the sediment oxygen production

described in equation A.15, and kg,_co, is the constant relating the rates at which CO,
consumption occurs as a function of 0, production due to photosynthesis.

A.3 Biomass concentration

For these processes, the equations described in Hull et al. (2008) are considered as a basis, but
some modifications were made. For biomass [B], a balance between growth (Grow) and biomass
loss (Loss) is performed. Because this variable is present in both the water column and sediments,
the balance is described by the following processes:

Growth of biomass in water, Grow .. described in equation A.34, corresponds to the growth
of biomass associated with primary producers within the water column.

Grow yqe = nPhS - k¢_o, (A.34)

where, nPhS corresponds to net photosynthesis and k_o, is the stoichiometric constant between
carbon and oxygen.

Growth of biomass in sediments, Grows,,4: described in equation A.35, corresponds to the
growth of biomass associated with primary producers in the sediments. For this process, the
equations described in Hull et al. (2008) were used:

Growsed =PpP. kc_oz (A35)

where, P is the production in sediments calculated with equation A.15 and k¢_o,is the
stoichiometric constant between carbon and oxygen.

Loss of biomass in water, Loss,,,;: described in equation A.36, corresponds to the loss of biomass
in the water column.

LosSyat = Kaeaa - Bwat (A36)
Byat = B - SST (A.37)

where, k4044 IS the biomass death rate, B, iS the biomass concentration in the water column,
and SST corresponds to the fraction of sediment that resuspends from the sediments.
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Loss of biomass in sediments, Loss,,.,: described in equation 3.8, corresponds to the loss of
biomass in the sediments.

L0SSseq = Kgead * Bsea (A-38)
Bgeq = B - (1 —S8ST) (A.39)

where, k4044 1S the biomass death rate, B, IS the biomass concentration in the sediments, and
SST corresponds to the fraction of sediment that resuspends.

A.4 Detritus concentration

For these processes, the equations described in Hull et al. (2008) are considered as a basis, but
some modifications were made. For the mass balance of detritus, it is considered that the
production of dead biomass increases the amount of substrate, while the degradation of organic
matter consumes the substrate. Specific processes involved in the [DET] mass balance are:

Loss of biomass in water, Loss,,,;: corresponds to the loss of biomass in the water column. The
details are presented in equations A.36 and A.37.

Loss of biomass in sediments, Lossg,.,: corresponds to the loss of biomass in the sediments. The
details are presented in equations A.38 and A.39.

Biological oxygen demand, BOD : denotes the microbial degradation of organic matter in water.
The details are presented in equation A.12.

Oxygen consumption in sediments, 7 : presented in equation A.14, corresponds to the rate of
consumption within the active layer &,,.

I1l. Conclusiones

Los salares son habitats con una reserva Unica de biodiversidad y desempefian un papel
clave en los ciclos de los gases de efecto invernadero. Estos sistemas tienen una dindmica cerrada,
lo que significa que cualquier cambio, por pequefio que parezca, genera efectos que pueden
desequilibrar los ciclos fisicos, quimicos y bioldgicos.

Los lagos salinos presentan interacciones atmosfera-superficie que varian en diferentes
escalas temporales y desencadenan cambios en los ciclos bioquimicos. En este trabajo estudiamos
los efectos del forzamiento meteorologico sobre los diferentes procesos que se llevan a cabo en
estos sistemas acudticos. Se desarrollé un modelo 0-D transitorio capaz de simular las
concentraciones de 0, y CO, en una laguna somera presente en el Salar del Huasco. Esto con el
fin de estudiar la influencia de los factores ambientales en la dinamica de los procesos bioquimicos
y de transporte y, por lo tanto, en la calidad de agua del sistema. Los resultados indican que los
factores meteorologicos tienen efectos significativos sobre los humedales altoandinos. En
particular, se concluye que una de las principales forzantes externas es la velocidad del viento y

gue un cambio en esta variable puede generar mayores impactos que las fluctuaciones en la
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temperatura. Por esta razdn, es relevante considerar el regimen de viento en los estudios de cambio
climético, especialmente cuando se realizan analisis a escala intradiaria.

Por otra parte, seria interesante incorporar en futuras versiones del modelo otros procesos
relacionados con las variables de estudio, como reacciones asociadas al sistema carbonato y
procesos anaerdbicos. Ademas, como se ha mencionado anteriormente, los salares juegan un papel
esencial en el cambio climatico, por lo que se podrian incorporar otras variables de control
asociadas a los gases de efecto invernadero (por ejemplo, metano y 6xido nitroso) y analizar el
comportamiento de la laguna. Sumado a esto, se recomienda realizar campafas de terreno mas
detalladas en diferentes estaciones del afio para disponer de mediciones continuas de todas las
variables de control. Por ejemplo, contar con datos de concentracién de €O, en la columna de agua
permitiria una mejor calibracion y asi lograr simulaciones méas precisas de cada proceso que se
Ileva a cabo en el Salar del Huasco.

El modelo presentado en este estudio corresponde a una primera aproximacion del
funcionamiento de este tipo de sistema acuatico. Es importante sefialar que la metodologia
presentada es transferible para simular procesos en lagunas de otras partes del mundo que cuenten
con la informacion meteorolégica y de calidad de agua necesaria.
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