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Abstract.

We investigate how evaporation changes depending on the scales in the Altiplano region of the Atacama Desert. More specif-

ically, the temporal evolution from the climatological to the sub-diurnal scales on a high-altitude saline lake ecosystem. We

analyse the evaporation trends over 70 years (1950-2020) at a high-spatial resolution. The method is based on the downscaling

of 30-km hourly resolution ERA5 reanalysis data to 0.1-km spatial resolution data, using artificial neural networks to analyze5

the main drivers of evaporation. To this end, we use the Penman open water evaporation equation, modified to compensate

for the energy balance non-closure and the ice cover formation on the lake during the night. Our estimation of the hourly

climatology of evaporation shows a consistent agreement with eddy-covariance measurements and reveals that evaporation is

controlled by different drivers depending on the time scale. At the sub-diurnal scale, mechanical turbulence is the primary

driver of evaporation, and at this scale, it is not radiation-limited. At the seasonal scale, more than 70% of the evaporation10

variability is explained by the radiative contribution term. At the same scale, and using a large-scale moisture tracking model,

we identify the main sources of moisture to the Chilean Altiplano. In all cases, our regime of precipitation is controlled by

large-scale weather patterns closely linked to climatological fluctuations. Moreover, seasonal evaporation influences signifi-

cantly the saline lake surface spatial changes. From an interannual scale perspective, evaporation increased by 2.1 mm per year

during the entire study period, according to global temperature increases. Finally, we find that yearly evaporation depends on15

the El Niño Southern Oscillation (ENSO), where warm and cool ENSO phases are associated with higher evaporation and

precipitation rates, respectively. Our results show that warm ENSO phases increase evaporation rates by 15%, whereas cold

phases decrease it by 2%.

1 Introduction

In arid regions, evaporation is one of the most important components in the water cycle since potential evaporation is typically20

one order of magnitude larger than precipitation (Lictevout et al., 2013; Houston, 2006). Investigating evaporation in these re-
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gions is challenging due to the lack of observations, the landscape complexity, and the poor representation in hydrometeorolog-

ical models. The climate/large-scale atmospheric circulation and spatially localized zones affect water availability (Lobos-Roco

et al., 2021). At a local level in the Atacama Desert, evaporation occurs (Houston, 2006)
:::::::::::::
(Houston, 2006): i) in rivers and the

adjacent riparian zones; ii) in marshlands, where localized groundwater springs support vegetation growth and sometimes con-25

tribute to the formation of shallow terminal lakes (de la Fuente and Meruane, 2017)
::::::::::::::::::::::::::::::::::::::::::
(de la Fuente and Meruane, 2017; Jayne et al., 2016)

, which generally occurs in the Andes Mountains; iii) in salt flats or playas, which are the result of more extensive groundwater

discharge in endorheic basins (de la Fuente, 2014; de la Fuente and Meruane, 2017; Suárez et al., 2020)
::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
(de la Fuente, 2014; de la Fuente and Meruane, 2017; Scheihing et al., 2017)

; and iv) in bare soils where the water table is shallow (Rosen, 1994; Johnson et al., 2010; Uribe et al., 2015; Blin et al.,

2022). The Chilean Altiplano is an arid zone where water evaporates from spatially localized environments, removing wa-30

ter from the basin. The Altiplano region has a unique environmental, economic, and social value due to its location within

the Atacama Desertwhere rainfall provides a
:
,

:::::
where

:::::::::::
groundwater

:::
fed

::
a

:::::
short,

::::::
annual

::::::::::
rain-period

:::::::
provides

:::
the

:::::
main

:
source

of water for northern Chile. A reliable understanding of the processes that govern evaporation in this region is essential

for three main reasons (Suárez et al., 2020). First, water resource management because a correct quantification of these

fluxes enhances the performance of water balance models and improves the estimation of the basin’s water recharge. Sec-35

ond, terrestrial and aquatic ecosystems that sustain the native flora and fauna of this region. Third, sustainable agricultural

and mining production in terms of minimizing environmental impacts and maximizing water use. Within the Altiplano, the

Salar del Huasco basin is chosen for studying evaporation due to the perennial terminal saline lake where non-local at-

mospheric processes occur (Suárez et al., 2020; Lobos-Roco et al., 2021). This lake, untouched by human activities (Uribe

et al., 2015), has been well-studied in recent years. These studies have focused on quantifying and understanding evaporation40

(de la Fuente and Meruane, 2017; Suárez et al., 2020; Lobos-Roco et al., 2021, 2022)
:::::::::::::::::::::::::::::::::::::::::::::::::::::::::
(Voigt et al., 2021; Suárez et al., 2020; Lobos-Roco et al., 2021, 2022)

for use in water resource management models (Uribe et al., 2015; Blin et al., 2022). Thus, there are many comprehensive

datasets of surface and upper-atmospheric observations for the Salar del Huasco basin that can be used to relate large-scale

atmospheric phenomena with small-scale processes and, in turn, to advance our understanding of evaporation and its use for

water resource conservation.45

Synoptic and regional circulation over the Altiplano region, responsible for moisture transport and precipitation, has been

studied by Rutllant et al. (2003), Falvey and Garreaud (2005), and Böhm et al. (2020). These studies investigated how large-

scale atmospheric phenomena influenced by the Pacific Ocean, steep Andean topography, and the Amazon basin organize

circulations at different scales. These atmospheric circulations are the main contributors of moisture in the region. Two marked

phases characterize the principal synoptic atmospheric circulation over the Altiplano region. The first phase occurs during50

the summer season (December to March). It is characterized by westward winds from the Amazon basin, which transport

a significant amount of moisture over the Altiplano (Falvey and Garreaud, 2005). This moisture transport is highly variable

from year to year, and it is responsible for convective rains that occur in the region. In the second phase dry air from the free

troposphere above the Pacific Ocean is transported to the Altiplano region in the Andes (Rutllant et al., 2003) and occurs from

April to November. This dry air transport results from the thermal differences between the western slope of the Atacama Desert55

and the Pacific Ocean (Lobos-Roco et al., 2021). Other studies have reported the effects of the El Niño Southern Oscillation
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(ENSO) and the Paci�c Decadal Oscillation (PDO) on precipitation patterns. Böhm et al. (2020) studied the integrated water

vapor (IWV) variability and its relationship with the ENSO phenomenon in the Atacama Desert during the 20th century. Their

results revealed that cool ENSO phases (associated with the La Niña ENSO phenomenon) yield greater IWV variability which

favors more extreme wetter conditions during the austral summer in the Altiplano region. Garreaud et al. (2003) analysed60

the climatic conditions from interseasonal to glacial-interglacial timescales. Researchers found that mean zonal air�ow over

the region modulates interannual changes in the climatic condition over the Altiplano. This air�ow respond to sea-surface

temperature variability in the tropical section of the Paci�c Ocean. Likewise, several studies have pointed out the remarkable

control that cool ENSO phases exert over the precipitation in the Altiplano (Aceituno, 1988; Vuille et al., 2000; Garreaud and

Aceituno, 2001). This control shows that cool ENSO phases yield wetter rainy seasons, whereas warm ENSO phases (El Niño)65

results in drier rainy seasons (Garreaud and Aceituno, 2001).Thisdependence
:::
The

::::::
ENSO

::::::::
in�uence on climatic factorsmeans

that temperature-dependentevaporationoccurringat local scalesis relatedto suchphenomenon
:::
such

:::
as

::::::::::
precipitation

:::::::
implies

:::
that

::::::::::
evaporation,

:::
as

:
a

:::::::::::::::::::
temperature-dependent

:::::::
process,

:::::
might

::::
also

::
be

:::::::
affected

::
by

::::
this

:::::::::::
phenomenon

:::::::::::::
(Houston, 2006).

The spatiotemporal evolution of evaporation has also been investigated in the Altiplano region of the Atacama Desert. These

studies aimed to understand the complex diurnal land-atmosphere turbulent transport over different surfaces (Kampf et al.,70

2005; de la Fuente and Meruane, 2017; Lobos-Roco et al., 2021), characterizing the larger scale in�uence on the local evapo-

ration (Suárez et al., 2020; Lobos-Roco et al., 2021) or simply to assess daily evaporation from bare soils in order to develop

relationships that can be used to relate evaporation with the water table depth (Johnson et al., 2010). These investigations mainly

focused on short-term �eld experiments based on either daily measurements (Kampf et al., 2005; Suárez et al., 2020) or applied

models used to predict potential evaporation (de la Fuente and Meruane, 2017). Even with these studies, long-term evaporation75

observations at a local scale are still lacking, especially when trying to construct conceptual models that can be used for water

resource management. For instance, Uribe et al. (2015) developed a hydrological model in the Salar del Huasco region where

evaporation was estimated using information from evaporation pans, and regional vertical gradients in evaporation were seen

as a function of elevation. Blin et al. (2022) developed a groundwater model for the Salar del Huasco. This groundwater model,

which was used to assess climate change impacts on the Salar del Huasco basin, utilized the hydrological model constructed by80

Uribe et al. (2015) to determine aquifer recharge and to estimate the evaporation discharge to the atmosphere. Unfortunately,

these models overlook the in�uence of the non-local atmospheric processes, such as the entrainment and advection of heat,

moisture and momentum, on evaporation rates (Suárez et al., 2020; Lobos-Roco et al., 2021, 2022). Attempting to rectify this

oversight, recent experimental �eld campaigns have been carried out in the Altiplano area of the Atacama Desert (Suárez et al.,

2020). However, the lack of reliable long-term actual evaporation estimates still limits our complete understanding of the cli-85

mate change impacts on water availability in these arid areas. Moreover, there are no studies that aim to investigate the myriad

of links between these temporal short and large-scale studies. Thus, our objective is to understand seasonal and interannual

evaporation variability by examining how surface energy partitioning, turbulence, and moisture supply affect seasonal changes

in evaporation. In this way, we aim to bridge this cross-scale knowledge gap which will help to address water availability in

the Atacama Desert.90
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In this study, we applied climatologically robust,
:
downscaled reanalysis data to the saline lake of the Salar del Huasco.

Although we focused on one particular saline lake, this kind of surface represents the main evaporation pathway of the Alti-

plano region (Houston, 2006). We hypothesized thatradiativeandaerodynamiccomponentscould representthe evaporation

of thespeci�c conditionsof thesalinelake. This representationis performed
::::
saline

::::
lake

:::
can

:::
be

::::::::::
represented using an adapted

version of the Penman (1948) equation.Thecon�rmation
:::::::::::
Con�rmation

:
of this hypothesis enablesto extendour evaporation95

calculations
::
us

::
to

::::::
extend

:::
the

:::::::
adapted

:::::::
Penman

:::::
model

:
to the entire climatological period (1950-2020) and to investigate evap-

oration �uctuationsin differentENSOphases.To completethis analysis,we showhow monthlyandyearlyevaporationand

precipitationleadto changesaroundthesalinelakein theSalardelHuasco.Sinceprecipitationin thisareais closelyrelatedto

large-scaleatmosphericsources,we trackedtheoriginsof thesesourcesfor theSalardel Huasco.In our analysis,we applied

the following methodologicalsteps.First, we downscaledthe reanalysismeteorologicaldata(� 30 km) to local conditions100

(� 100 m) observedabovethe salinelake by applyingarti�cial neuronalnetworksandvalidatingthe downscaleddatawith

eddy-covariance(EC) observations.Second,we developeda site-adaptedversionof the Penman (1948)equation.Third, we

analysedundera seasonalperspectivethe changesin evaporationand its drivers , the sourcesof moisturetransportedinto

theregion,andimpactsof evaporationin thesalinelake's waterbalance.Finally, we quanti�ed theclimatologicaltrendsand

interannualevaporationandprecipitationanomaliesrelatedto ENSOphasesandPDOoverthelast70years
:::
and

::::
their

::::::
drivers

::
at105

:::::::
seasonal

:::
and

::::::::::
interannual

:::::
scales.

2 Methods

2.1 Study area

Our study area is located in the Salar del Huasco (SDH) basin (1,462 km2), whose highest point sits 5,200 m above sea level

(asl), and its lowest point at 3,790 m asl (Uribe et al., 2015). This endorheic basin is located to the west of the Andes, 135 km110

inland from the Paci�c Ocean. Sincethebasinis socloseto theocean,
:
,

:::
and

::
is

::::::
subject

::
to

:
an intense and recurrent afternoon

atmospheric �ow from the ocean
:::
that transports relatively cold and humid air into the Altiplano (Lobos-Roco et al., 2021). The

basin is also affected by the moist atmospheric �ow coming from the east which is responsible for a marked rainy season during

austral summer, where short convective storms are the main source of aquifer recharge (Blin et al., 2022). Since evaporation

occurs where there is available water, our research focused on the basin's sink, which is a wetland in the Salar del Huasco115

(de la Fuente et al., 2021). Speci�cally, our attention is placed on the saline lake of the Salar del Huasco (20.2 °S, 68.8 °W,

3790 m asl), which is a perennial water body surrounded by salt crusts, zones with native vegetation patches and zones with

bare soils (Fig. 1). This terminal lake shows signi�cant seasonal changes in its surface ranging between� 0.5 to 5 km2, and

has a measured depth of� 15 cm (Lobos-Roco et al., 2021). These types of groundwater-fed wetlands are commonly found in

the Altiplano region (Kampf et al., 2005), and result in unique ecological habitats for endemic �ora and fauna (Dorador et al.,120

2013).
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