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ABSTRACT

Land surface temperature (LST) seems to be related to the temperature of shallow aquifers and the unsaturated
zone thickness (AZ,,). That relationship is valid when the study area fulfils certain characteristics: a) there should
be no downward moisture fluxes in an unsaturated zone, b) the soil composition in terms of both, the different ho-
rizon materials and their corresponding thermal and hydraulic properties, must be as homogeneous and isotropic
as possible, ¢) flat and regular topography, and d) steady state groundwater temperature with a spatially homoge-
neous temperature distribution. A night time Advanced Spaceborne Thermal Emission and Reflection Radiometer
(ASTER) image and temperature field measurements are used to test the validity of the relationship between LST
and AZ,, at the Pampa del Tamarugal, which is located in the Atacama Desert (Chile) and meets the above required
conditions. The results indicate that there is a relation between the land surface temperature and the unsaturated
zone thickness in the study area. Moreover, the field measurements of soil temperature indicate that shallow aqui-
fers dampen both the daily and the seasonal amplitude of the temperature oscillation generated by the local climate
conditions. Despite empirically observing the relationship between the LST and AZ,, in the study zone, such a rela-
tionship cannot be applied to directly estimate AZ,, using temperatures from nighttime thermal satellite images. To
this end, it is necessary to consider the soil thermal properties, the soil surface roughness and the unseen water and
moisture fluxes (e.g., capillarity and evaporation) that typically occur in the subsurface.
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1. Introduction

Groundwater is the most important resource to satisfy the human
and productive activities demanding water in arid and hyper-arid cli-
mates (Custodio et al., 2016; Long et al., 2016). Groundwater availability
in arid zones has become a major issue because of the irregular and low
frequency recharge processes typically occurring in these zones. These
processes are not stationary, and it is expected that they will be affected
by climate change (Seager et al., 2007; Jun et al., 2011), decreasing the
low aquifer recharge chances even more. Nevertheless, aquifers in arid
zones are also threatened by non-sustainable groundwater consump-
tion schemes leading to intensive exploitation situations that produce
severe water shortages (Custodio, 2002; Aldaya et al., 2010;
Sapriza-Azuri et al,, 2015).

Aquifers in arid zones provide a strategic resource, so groundwater
head levels should be properly monitored. Traditionally, this monitor-
ing has been done by following a point-field approach, measuring the
piezometric level in a set of points (i.e., piezometers) with a predefined
frequency. Nevertheless, for large aquifers with a monitoring point net-
work that is not dense enough, aquifer head level observations may be
insufficient to understand the behaviour and consistently manage the
groundwater system (Sutanudjaja et al., 2013).

With the development of earth-observation satellites, there is an in-
creasing use of remotely sensed information for monitoring and mea-
suring surface hydrological processes for large areas. With these
technologies, it has been possible to estimate the evapotranspiration
(Kustas and Norman, 1996; Jiang and Islam, 1999, 2001; McCabe and
Wood, 2006; Batra et al., 2006), soil moisture (Liu et al., 2011; Reichle
et al., 2004; Chew et al., 2016; Escorihuela and Quintana-Segui, 2016;
Filion et al., 2016), changes in snow cover and glacier mass
(Immerzeel et al., 2009; Dedieu et al., 2014; Zhang et al., 2016;
Berthier et al., 2007) or monitor the transparency of water or dissolved
organic matter concentration in lakes (Olmanson et al,, 2016; Dérnhofer
and Oppelt, 2016). However, the observation of the phreatic level depth
using remote sensing information is still limited. At continental scale,
the Gravity Recovery and Climate Experiment (GRACE) stands out as
an important tool to recognize aquifer depletion from gravity measure-
ments (Sultan et al., 2014; Long et al.,, 2016). Nevertheless, the spatial
resolution of these images is a significant limitation. In addition to
GRACE, the use of satellite radar measurements along with some rela-
tionships between groundwater and soil moisture have been proposed
to predict groundwater head levels (Sutanudjaja et al.,, 2013). Although
promising results have been obtained, both the accuracy and the spatial
resolution of these methods do not allow applying them to local
groundwater systems. So, a simple method for measuring groundwater
head levels from remote sensing measurements has not been developed
yet.

Since the 1960s, several studies have investigated the effect of shal-
low groundwater on land surface temperature (LST) and the capacity of
thermal infrared (TIR) sensors to detect aquifers (Kappelmeyer, 1957;
Cartwright, 1968, 1970, 1974; Chase, 1969; Quiel, 1975; Huntley,
1978; Heilman and Moore, 1982, among others). These studies present
contradictory conclusions, mainly due to the different methodological
approaches used and the heterogeneity of the studied areas. They do
not answer the question regarding the usefulness of satellite TIR sensors
to detect the aquifer phreatic level. This question is still open so far de-
spite the newly developed TIR technology (Markham et al., 2016).

After a critical review of the results, conclusions and recommenda-
tions from the studies mentioned above, it is hypothesized that LST
can be used as an indicator of the unsaturated zone thickness (AZ,,)
in shallow alluvial aquifers. This hypothesis is based on a simplification
of the vertical conductive heat transfer between the aquifer, with a high
thermal inertia, and the land surface exposed to atmospheric thermal
variability. In this case, it is assumed that AZ,, controls the interaction
between the two thermal boundaries. To study this interaction, some
conditions must be considered: a) as downward water fluxes and

changes in soil moisture affect LST (Huntley, 1978), irrigation and pre-
cipitation should be minimal; b) as LST depends on thermal properties
of soil and the geothermal gradient (Bense and Kooi, 2004;
Cartwright, 1974), the soil should be macroscopically homogeneous
from the perspective of the spatial distribution of the different soil ma-
terials and their corresponding thermal and hydraulic properties, and
changes in topography must be accounted for; ¢) as different ground-
water temperatures generate different LSTs for the same prescribed
atmospheric temperature (Kappelmeyer, 1957), groundwater tempera-
ture should be spatially constant in the aquifer; and d) as evapotranspi-
ration and solar reflection affect daytime LST (Chase, 1969; Heilman and
Moore, 1982), night time LST should be used to avoid these distortions.
The objective of this work is to test whether LST measured by TIR
sensor satellites can be used as a proxy for AZ,,. To this end, the
Pampa del Tamarugal Basin (Northern Chile) has been selected as a
study zone, as it presents very convenient conditions, as is located in
the Atacama Desert where a hyper-arid climate prevails (McKay et al.,
2003). In this geographical context, the unsaturated zone is essentially
dry, the soil topography is flat with almost no roughness, and a shallow
aquifer exists. Monitoring and control of this aquifer is of paramount
importance given that it is the only water resource in the region.

2. Study area

The Pampa del Tamarugal is a large continental sedimentary basin
that extends over 500 km in length (18°-22° S) in the northern Atacama
Desert, Chile (Fig. 1). The width of this hydrological basin varies be-
tween 50 and 75 km between the Coastal Range and the western
flank of the Andes. The basin has received sediments from the upper Ol-
igocene to the present (Blanco and Tomlinson, 2013), with a fill thick-
ness that can reach up to 1200 m (Nester and Jordan, 2011). The
basement of the basin is formed mainly by intrusive and volcanoclastic
rocks of ages between the Carboniferous and the lower Eocene
(Septlveda et al., 2014). Despite the spatial heterogeneity of the sedi-
mentary rocks forming the hydrological system (Rojas et al., 2010), it
can be represented schematically in the W-E cross-section of Fig. 2.
This study was carried out in the Pintados and Bellavista areas, located
at the middle-west zone of the basin, where land surface is approxi-
mately 1000 m asl and there are no significant topographic variations.
In particular, the spatial extent of the study area is defined by the limits
between the Pampa del Tamarugal aquifer and the volcanic low perme-
ability rocks of the coastal range (to the west and south), the spatial dis-
tribution of the observation wells (east), and the limits of the ASTER
image (north).

The Atacama Desert is one of the driest zones of the world (Hartley
and Chong, 2002; Herrera et al., 2006). In the studied area, the average
rainfall is <5 mm/yr. There could be several years without rain (Clarke,
2006; Rojas and Dassargues, 2007). The daily air surface temperature
(Tgir) is the air temperature measured at 2 m above the ground level.
Its oscillation can be >30 °C. The relative air humidity can vary between
10% and 90% during the year, with an average of approximately 50%.
These environmental factors generate an average annual surface evapo-
ration of approximately 2190 mm/yr, as measured in an evaporation
pan. The estimated potential evapotranspiration using meteorological
data is close to 2500 mm/yr (DGA, 2013; SERNAGEOMIN, 2014). Actual
evaporation decreases exponentially with groundwater depth down to
8 m, where evaporation dies off (Grilli and Vidal, 1986; PAC, 2008).

The Pampa del Tamarugal hydrological basin contains several aqui-
fers. One aquifer is the Pampa del Tamarugal Aquifer (PTA), a very low
renovation aquifer that is the most important groundwater system in
northern Chile (Magaritz et al., 1990; Rojas and Dassargues, 2007,
Acosta et al., 2013). This aquifer supplies the water needs of the city of
Iquique and some smaller communities, agriculture and industrial min-
ing (Aravena, 1995). PTA recharge comes from lateral groundwater
transfer originated by ephemeral runoff from the western flank of the
Andes (Scheihing et al., 2017; Jayne et al., 2016), where precipitation
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Fig. 1. Location map of the study area. Observation wells and sites for field temperature measurements are shown.
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Fig. 2. Schematic west-east profile of the Pampa del Tamarugal Basin at the latitude of the study area. Based on Houston (2002 ); Rojas et al. (2010); Nester and Jordan (2011); Blanco and
Tomlinson (2013) and Sepdlveda et al. (2014).
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reaches up to 200 mm/yr (Aravena, 1995; Jordan et al., 2014), part of it
as snow (Acosta and Custodio, 2008; Acosta et al.,, 2013). In Fig. 1 it is
shown the piezometry of the aquifer based on Rojas et al. (2010).
Groundwater flows mainly from north to south and from east to west,
with a low average piezometric gradient of 1.4%. (Fig. 1a). The flow
lines converge to the southwest zone of the hydrological basin, where
evaporation is the main natural process of discharge (JICA-DGA-PCI,
1995; PAC, 2008). The aquifer has experienced a slow but generalized
drawdown close to 3 m since the 1960s. Additionally, groundwater
levels do not show any fast response or fluctuation that might be asso-
ciated with rainfall events through the years (Chavez et al., 2016). In the
study zone, AZ,, varies between 40 m to the east to <3 m to the south-
western part of the aquifer (Rojas et al., 2010; Lictevout et al., 2013).
Since 2011, the PTA has been officially declared overexploited by the
government of Chile (DGA, 2011).

In some limited zones of the hydrological basin, a reforestation of the
Tamarugo tree was done. The Tamarugo tree (Prosopis tamarugo Phil.) is
an endemic tree of this area, able to reduce their evapotranspiration at
extreme solar radiation. Moreover, the Tamarugo can pump groundwa-
ter directly from the phreatic level at depths larger than 20 m (Chavez et
al., 2016) using a deep vertical root system that complements the shal-
low one. Currently, no groundwater depletion cones have yet been re-
ported under the Tamarugo reforested areas, which might be related
with the low spatial density of trees. A small water table depletion
cone may be generated in the aquifer, but it is hard to detect.

3. Data and methods
3.1. Spatial distribution of soil thermal properties

A geological map of the study area was generated during several
field campaigns (June 2013-January 2014). The objective was to deter-
mine areas with similar characteristics, in surface morphology, in the re-
lationships between sediments and evaporitic deposits and in thermal
properties (Fig. 3).

3.2. Groundwater levels

The field elevation (Z) and the coordinates of 26 observation wells
(Fig. 1) were obtained from the CIDERH (Centro de Investigacién y
Desarrollo en Recursos Hidricos; Center for Water Resources Research
and Development) in Iquique, Chile. The measurements were per-
formed with a differential GPS according to the WGS-84 reference ellip-
soid, where vertical and horizontal errors do not exceed both 4-0.1 m.
The PE_007_Blv, PE_026_W and PE_048_W observation wells (Fig. 1)
were not measured with the differential GPS and were not used for
the statistical calculations. Measurements of groundwater head levels
(h) were performed 3 times for each observation well between June
2013 and October 2014. In addition, measurements of groundwater
temperatures were performed in 6 observation wells (Table 1). The
measurements were made 10 m below the phreatic level to avoid the
atmospheric effect on groundwater temperature. For detailed informa-
tion on the observation wells, see the Annex 1.

3.3. Field temperatures

The LST evolution has been measured at sites A and B (see location in
Fig. 1b) at different soil depths for one year. The phreatic level at these
sites has not changed during the whole measuring period, so the unsat-
urated zone thickness AZ,, is constant: 3.14 m and 1 m for site A and B,
respectively. At both sites, a data logger with two external temperature
sensors was installed with a temperature resolution of +0.01 °C. At
each site, the temperature sensors were positioned at 50 cm and 5 cm
depth. The 5-cm depth was used as a filtered measurement of the LST,
preventing the cooling effect of wind (Brenning et al., 2012; Alkhaier
et al,, 2009). A third data logger was installed in an instrument shelter
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Fig. 3. Soil spatial distribution of the study area. Detailed information in Annex 2 Reference
source not found.

to measure Ty in the neighbourhood of well PE_009_W (Fig. 1). Tem-
perature measurements were recorded every 30 min from September
2013 to October 2014.

3.4. Remote sensing data

The ASTER TIR instrument was chosen for this research because it has
a good spatial resolution (pixel dimension of 90 x 90 m). One L1-A
nighttime ASTER image was acquired from the Earth Remote Sensing
Division of the Japanese Space Systems. The ASTER image was
atmospherically and geo-corrected using the MultiSpec (Biehl and
Landgrebe, 2002), MODTRAN (Berk et al., 2003) and common GIS soft-
ware resources. A LST raster image of the study area was derived by the
Normalized Emissivity Method (NE) (Gillespie, 1986), where the initial
emissivity used was 0.97. An ASTER digital elevation model (DEM) of
the study area was obtained from the Global Data Explorer platform of
the U.S. Geological Survey. The sizes of the DEM pixels were resampled
to coincide with those of the LST ASTER image, such that for each pixel j
of ASTER image (hereinafter pixel), the corresponding elevation Z jis ob-
tained by averaging the DEM values included inside the pixel spatial
support. From now onwards, any variable with a circumflex accent indi-
cates that such variable is a pixel-defined variable.



1238 H. Urqueta et al. / Science of the Total Environment 612 (2018) 1234-1248

Table 1

Groundwater temperature at different observation wells distributed along PTA (see Fig. 1 for the specific well locations), along with the average value (T,,¢) and the standard deviation (o)

of these groundwater temperature measurements.

PE_054_W PE_026_W PE_048_W PE_050_W

PE_055_W PE_007_Blv Tavg or

22.20°C 22.40 °C 2245°C 232°C

232°C 23.25°C 22.78 °C 0.44 °C

3.5. Stochastic unsaturated zone thickness

The stochastic unsaturated zone thickness (A/Z\uz ) is obtained as the
difference between the elevationZ and the phreatic head level h at every
pixel:

A/Z\UZ[S] :Z_h (1)

In this work, the phreatic head level is estimated by using the regres-
sion with residual simple kriging (RSK) method (Asli and Marcotte,
1995). This kriging method, also known as kriging after detrending
(Goovaerts, 1999), assumes that the variable to be interpolated (e.g.
the phreatic level) is represented by an intrinsic random function com-
posed of a trend and a residual:

h(u) = ¢h(u)) + g(u) (2)

where u is a specific location in space, <¢h(u)) represents the deter-
ministic dependence (i.e. drift) of the phreatic level on external factors
(e.g., elevation), and «(u) is a zero-mean Gaussian random function
with a spatial correlation structure that is described by a variogram
Ye(u).

The methodology to apply the RSK to the phreatic head variable is
composed of the following steps:

(1) The linear trend <h(u)) is estimated by a linear regression
based on the available phreatic head level measurements. In
the study area, groundwater flows from N to S, showing a
local piezometric gradient of 0.83%. (m/km). This value is
very close to the mean local topographic gradient value
(0.85 m/km), thus allowing to assume that the phreatic level
depends only on elevation. Therefore, (h(u)) can be esti-
mated by a linear regression between the phreatic level h;
measured at all the inventoried observation wells (observa-
tion points) and their corresponding site elevation Z; (Fig.
4a). The obtained linear regression is:

(h(Z)) = 399.64 + 0.587 3)

Evaluating the phreatic level trend (hy at every estimation
pixel. For this purpose Eq. 3 is applied to every pixel, taking
into account the corresponding pixel elevation Z.

Obtaining the residual value ¢; in all the observation points.
For each phreatic level field measurement h;, the associated
residual value ¢ is obtained as the difference between the
measured phreatic head level value h; and the corresponding
regression value h(Z;),

—
\S)
—

—
w
—

gj = hj—(h(Z;)) 4)

where Z; is the elevation of the jth field-site in which h; is
measured.

Calculating the variogram <y.(u) of the residuals. Once all
the point residuals are obtained (Eq. 4), the variogram
v.(u) is inferred from them (Webster and Oliver, 2001).
Fig. 4c shows both, the experimental variogram and the an-
alytic Gaussian variogram (Deutsch and Journel, 1998) used

N

to fit the experimental one. The analytical expression of the
Gaussian variogram is given by

.0 =c- (1 _e—(%f) (5)

where 1 is the distance, c is the sill or variance contribution
and a is the effective range defined as the distance at which
vY.(a) =0.95c. In this study, the adopted values for c and a
are 17 m? and 8000 m, respectively.

(5) Estimating by simple kriging (Goovaerts, 1997) the residual
value ¢ conditioned upon the available point residual values
& at every estimation pixel.

Determining for every pixel the associated phreatic level f,
which is calculated with Eq. 2 by using the estimated & and

the corresponding (hy values.

D

Once h is obtained, the stochastic unsaturated zone thickness AZ,g
is then calculated by directly applying Eq. 1.

3.6. Remote unsaturated zone thickness

The methodology used to obtain the remote unsaturated zone thick-
ness (A/Z\uzm) from LST data is based on the observed correlation be-

tween field AZ,,;; measurements and their corresponding L/S\Tj pixel
values derived from ASTER TIR bands (Fig. 4d). All observation
wells located closer than 90 m from urban structures (e.g., highways,
roads, urbanized areas and anthropic landscapes) have not been con-
sidered in the correlation to avoid temperature deviations from the
natural LST background caused by the such urban structures
(Shastri et al., 2017; Estoque et al., 2017). In this line, Fig. 4e shows
the aerial photo of a zone corresponding to an ancient mining salt
production area where old salt slag is heaped directly on the ground.
The observation well PE_033_Y is located in this zone. It is the well

having the largest deviation from the correlation between LST and
AZ,, (Fig. 4d). Likely, the heaped salty material modifies the thermal
response of the underlying geological formation, thus changing the

measured ST (Fig. 4f).
The correlation obtained for the study area is given by

IST = 15.2—0.2AZ,, (6)

Assuming that Eq. 6 holds for any AZ,, value, it is possible to esti-
mate the unsaturated zone thickness with remote sensed data as

—  152—LST
AZuz[r] = T (7)

4. Data analysis
4.1. Distribution of geological units with similar thermal properties

The study area is characterized mainly by sedimentary deposits of
distal alluvial fans with evaporitic deposits on the surface (salt crust).



H. Urqueta et al. / Science of the Total Environment 612 (2018) 1234-1248 1239
990
b 25
—_ 980 1
E Mean = -0.030 20
< 9704 Variance = 17.097
2 15T
2 960 g
% 0 E
@ 950 =
=
940 5
930 E 0
940 950 960 970 980 990 1000 1010 1020 -10 -8 -6 -4 -2 0 2 4 6 8 10
Elevation Z(m a.s.l.) Residual £(m)
25 20
d ®Used data .
: 1
20 - Filtered data
16
a 151 14 ;G
£ o
= 12 B
10 - _.V}
10
5 4
8
0 T T T 1 v v v 6
0 5 10 15 20 0 4 8 12 16 20

Distance (km)
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c) Experimental and theoretical variograms for the observation wells. d) Land surface temperature (LST) versus the unsaturated zone thickness AZ,,. e) Observation well located at an
anthropic land surface (image from Google Earth Pro). f) Effect of an anthropic land surface on LST (night time ASTER image).

Salt crusts are formed by halite, sediment and a variable occurrence of
sulphates. Despite the heterogeneity of the geology, it was divided
into 13 zones by differences in morphology and composition of the
salt crust and underlying sedimentary layers (Fig. 3). In general it is
found that in these zones: 1) the greater the thickness of the salt
crust, the higher the surface roughness, 2) the zones with a higher con-
tent of sulphates are the alluvial sediment zone “as” and the salt crust
zone “sc9”, alternating with sedimentary deposits, and 3) salt crusts
zones “sc1”, “sc3” and “sc8” show evidence of a high evaporation rate
during the daytime. For detailed information, see the Annex 2.

4.2, Field temperatures
Fig. 5a and b shows one-year soil temperature measurements at

50 cm and 5 cm depth for sites A and B, with T;. AZ,, at Site A is
3.14 m and 1 m at Site B. Groundwater head levels did not show

relevant changes during the measurement period. Table 2 shows the
univariate statistical parameters of two data populations representing
summer and winter times.

The temperature evolution in the unsaturated zone (at 50 cm depth)
for sites A and B is shown in Fig. 5a. In both cases, the temperature is
higher in summer and lower in winter, following a seasonal behaviour.
In the Site A, the daily temperature fluctuations reach 2 °C, whereas in
Site B the fluctuations do not exceed 0.2 °C.

Fig. 5b shows, for the measuring period, the maximum and mini-
mum temperature evolution of the soil surface (5 cm depth) at sites A
and B, along with T;. The maximum air temperatures (Tginqex) Femain
almost constant through the year (~34 °C), showing a slight decrease
during some days in winter. The minimum air temperatures ( Tgirpin)
follow a seasonal (sinusoidal) pattern, with higher (~13 °C) and lower
(~4 °C) temperature in austral summer and winter, respectively. Maxi-
mum soil temperatures at sites A and B have unequal behaviour in the
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Fig. 5. a) Temperature oscillation for sites A and B every 30 min at 50 cm depth; b) Maximum and minimum temperatures along with Ty, for Sites A and B at 5 cm depth.

summer. Temperatures at site A are higher than those measured at site
B by a difference of up to 10 °C. The soil minimum temperatures at sites
A and B follow the pattern shown by T

Table 1 shows the groundwater temperature measured in 6 observa-
tion wells of PTA (Fig. 1). Groundwater temperature at 10 m below the
phreatic level remains almost constant through the study area, with
temperatures ranging between 22.1 °C and 23.2 °C.

Table 2

Statistics (maximum, minimum, average and standard deviation) of the measured time
series of Tg; and unsaturated zone (5 and 50 cm depth) at sites A and B from 01/09/
2013 to 01/10/2014.

Near surface Unsaturated Tair

(5 cm depth) zone (50 cm
depth)
Season Variable (°C) SiteA SiteB Site A Site B
Summer (21Dec-20Mar)  Tmax 383 487 287 272 343
Tmin 145 16.1 24.1 254 13.0
Tavg 25.7 28.8 26.2 26.3 219
Or. 7.4 11.3 0.9 0.5 7.3
Winter (1Jun-1Sep) Timnax 37.2 35.6 22.1 20.8 315
Tmin 8.6 6.6 15.8 185 43
Tave 200 18.0 186 196 156
Or. 9.747 10.002 1359 0.567 9.172

5. Results

Fig. 6 shows the unsaturated zone thickness obtained by the remote

(Fig. 6a) and the stochastic (Fig. 6b) methods. In both cases, Az ranges
between 2 m and 36 m. The larger values are located to the east of the
study area, while the lower values are found in the west and southwest

zones. Despite this geographical trend, A/Z\uz[s] shows a gradual variation

through the study zone, whereas the A/Z\uzm presents a spatial correla-
tion structure whose shape matches the spatial distribution of the geo-
logical formations existing in the study area (e.g., as, sc8 and sc9). In

addition, A/Z\uz[r] values tend to be closer to the extreme values.

Fig. 7a shows the spatial distribution of the difference (§) between
the remote and the stochastic unsaturated zone thickness, which is ob-
tained as

€ = Mz — Dy (7)

Fig. 7b is analogous to the previous one but only shows § values be-
tween —5 mand + 5 m. These differences lie in well-defined spatial do-
mains. Low & values are generated in geological zones with smoothed to
slightly rough saline surfaces without fine sediments layers on them.
Fig. 7c and d show the same § map only for negative (—5 m to
—40 m) and positive (5 m to 40 m) differences, respectively. For the
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Fig. 6. a) Remote unsaturated zone thickness map; b) stochastic unsaturated zone thickness maps. In both cases, the limits of the superficial geological formations found in the study area

are shown.

negative values, only a small part of them have values smaller than
—40 m, the majority being distributed between 0 m and —20 m. The
distribution zones of the negative values coincide with areas containing
large amounts of silt-sized sediments and semi-consolidated clays on
the surface. In this situation, the remote method overestimates the
thickness of the unsaturated zone. However, the large positive differ-
ences (>5 m) coincide with areas of very rough salt crusts with high sul-
phate content. In this case, the remote method tends to underestimate
AZ,,.

The number of pixels with §<0 is like the number of pixels with

¢ > 0 (Fig. 8a) as well as their cumulative distribution function (Fig. 8b).

As can be shown, 50% of the pixels have absolute § values smaller than
5 m, with the error smaller than 10 m in 75% of the pixels (Fig. 8b).

6. Discussion

To investigate whether LST can be used as a proxy for the unsaturat-
ed zone thickness, the study should ideally meet the following
requirements:

(1) Neither rainfall events nor irrigation should occur (Alkhaier et
al.,, 2012b). These two processes modify the soil albedo, the soil mois-
ture, the thermal soil properties, evapotranspiration, and therefore the

observed LST (Huntley, 1978). In the Atacama Desert, rainfall events
are extremely rare. When they occur, they are less than the potential
evaporation and soil humidity deficit, allowing to neglect the effect of

downward soil moisture fluxes on the observed LST. No rainfall events
were registered in the study zone along the measuring period, from
Sep. 2013 to Oct. 2014.

(2) A flat relief avoiding altitudinal thermal variations driven by the
atmospheric thermal altitudinal gradient. The landscape in PTA is almost
flat, presenting a mean topographic slope of 0.85 m/km that generates a
30-m elevation difference between the northern and southern limits of
the study zone. Therefore, the altitudinal thermal variations that might
affect LST due to large elevation differences (Cartwright, 1974) can be
neglected in the PTA.

(3) Spatially homogeneous groundwater temperature distribution
in the aquifer. In PTA, temperature differences along the aquifer are
<1 °C (Table 1). From a thermal point of view, PTA presents a
homogeneous spatial temperature distribution.

(4) No vegetation. Otherwise, LST values should be corrected (Bense
and Kooi, 2004; Alkhaier et al., 2012a). In the study area, there are some
zones planted with Tamarugo trees. However, the Tamarugos do not

seem to affect the night time LST measured with the ASTER sensor as
no temperature decreasing cone associated with the effective ground-
water pumping of the trees is observed.

In the study zone, the soil temperature at a given depth depends on
the distance of that point to both the soil surface and the phreatic level.
Both surfaces impose fixed thermal boundary conditions (TBCs) on the
soil column thermal profile. Variations on these TBCs determine the
temperature evolution of the soil temperature (Alkhaier et al., 2012a).
By comparing the unsaturated zone temperature evolution at 50 cm
depth at sites A and B, it is possible to see the role played by the aquifer
in the daily and seasonal temperature evolution at these points. The
phreatic level at Site A is 3.14 m deep, whereas at Site B it is only 1 m
deep, providing the reason why the daily thermal oscillations at Site A
are 10 times larger than the daily thermal oscillations observed at Site
B (Fig. 5a). The shallower groundwater causes a reduction of the daily
temperature amplitude in the unsaturated zone. Similar results have
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Fig. 7. a) Spatial distribution of the differences (g) between stochastic and remote unsaturated thickness values; b) Spatial distribution of g for values between —5 m and 5 m; c) Spatial
distribution of g for values smaller than —5 m; d) Spatial distribution of g for values larger than 5 m.

been reported in areas with precipitation that reaches 200 mm/year
(Alkhaier et al,, 2009). On a yearly basis, the proximity of the groundwa-
ter to the surface at Site B generates lower temperatures in summer and
higher temperatures in winter than the temperatures at Site A. Similar

results have also been reported in the bibliography (Kappelmeyer,
1957; Cartwright, 1968; Alkhaier et al., 2009, 2012a). The results can
be explained in terms of the heat source-sink effect (Cartwright, 1968;
Takeuchi et al., 2013). Alkhaier et al. (2012a) proposed the summer
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Fig. 8. a) Cumulative pixel count function and b) cumulative distribution function (CDF) for the data sets composed of positive, negative and absolute § values of Fig. 7a.

months as the best time to observe these temperature differences. Nev-
ertheless, in the study zone the maximum temperature differences be-
tween the two sites are measured in winter. This delay could be
conditioned by the particular meteorological conditions of the Atacama
Desert, where Tgimvax (Fig. 5a) remains almost constant along the year,
and Tgirmin induces the seasonal thermal variations between winter
and summer.

The soil minimum temperatures (Tyy;,) show a clear seasonal pat-
tern, being warmer in summer and colder in winter (Fig. 5b). In 91%
of the observation period, Ty, were lower at Site A than at Site B, al-
though the main difference occurs during the winter. At the Atacama
Desert, daily minimum temperatures are registered during the night.
Given the deeper phreatic level at Site A, the soil temperature at Site A
is more affected by the atmospheric thermal conditions than at Site B.

In the case of the soil maximum temperatures ( Ty ), the role played
by the aquifer position is even more important than in the case of Ty,
The Tyqx values measured at Site A show a clear seasonal pattern,
reflecting the typical soil surface temperature evolution. Nevertheless,
this seasonal pattern is not observed at Site B, where the aquifer is
shallower. Again, the TBCimposed by the aquifer prevents Ty, from ris-
ing, driven by the soil surface thermal dynamics.

6.1. Night time IST as an indicator for AZ,

TIR airborne and satellite sensor capabilities to detect the effect of
shallow groundwater in the LST have been evaluated since the 1970s
(Chase, 1969; Quiel, 1975; Huntley, 1978; Heilman and Moore, 1982;
Alkhaier et al., 2012b). The correlation coefficient between LST and
AZ,, reported in the bibliography varies between 0.11 and 0.82 for dif-
ferent times of the day. During the night, the main source of infrared ra-
diation comes from terrestrial internal heat flows (Quiel, 1975), so it is

hypothesized that the effect of shallow groundwater in night time ST
can be better identified. In this work, a linear correlation (R* = 0.67) be-

tween LST and AZ,, is obtained using a night time (03:00 am local time)
ASTER image. Assuming a homogeneous spatial distribution of soil ma-
terials and their corresponding thermal and hydrologic properties, the

relationship obtained between IST and AZ,, is applied to all the

ASTER-derived LST values to obtain a remote AZ,, map.

The results show that the remote AZ,, map exaggerates the extreme
values. These extreme values match the spatial distribution of zones
showing some homogeneity regarding the spatial distribution of soil
materials of each zone (Fig. 7). In this line, soil layers of sulphates and
unconsolidated sands on top could be responsible for modifying the
conductive heat flows though the soil layer, and therefore, the observed

soil thermal response. Moreover, the spatial structure of the errors g

(ie., differences between the remote and the stochastic AZ,, maps) de-
lineates even better these soil zones (Fig. 7). The areas with higher er-
rors could reflect unknown subsurface geological materials, changes in
the hydrogeological properties of soil, and changes in soil moisture pro-
duced by the capillarity fringe.

With the use of night time LST, it is assumed that the effects of evap-
oration in the heat flows could be neglected. However, it is interesting to
note that geological areas with diurnal evaporation generate errors
greater than 4+ 5 min the estimated AZ,,. In these areas, the land surface
has a high roughness due to the irregular generation of salt crusts by
evaporation of ascending capillary water. The generated salt crusts
modify the expected soil thermal behaviour, thus affecting both day

and night time LST.

6.2. Uncertainties and limitations of the method

In this research, the use of LST is proposed for remote monitoring of
the AZ,, by considering some simplifications of reality and some data
adjustment. As a result, three main factors might be contributing to
the uncertainty of the results:

(1) The critical depth of the water table on which the correlation be-

tween LST and AZ,, (Eq. 6) holds. This depth should be small
enough to allow the vertical temperature profile attaining the
steady state before shooting the soil thermal image from the sat-
ellite during night time. This depth may vary from 1 m to 50 m
(Birman, 1969), depending on atmospheric conditions and also
on the particular settings of the unsaturated-zone (e.g. type of
soil material, soil water content, etc.). This depth can be empiri-
cally estimated by conducting field measurements of the vertical
temperature profile evolution in some piezometers (Furuya et al.,
2006; Alkhaier et al., 2009; Takeuchi et al., 2013), but also can be
numerically estimated by simulating the energy transport
through the unsaturated zone along with the corresponding ini-
tial and boundary conditions (see Cartwright, 1968; Huntley,
1978; Alkhaier et al., 2009, 2012a, Sanchez et al., 2016; among
others). If the water table depth is deeper than the obtained crit-

ical depth value, then the correlation between ST and AZ,, dis-
appears and the method presented in this work is no longer
applicable. This situation might be the case of deep aquifers lo-
cated in other arid zones where groundwater is a critical issue,
such as the American southwest, the Northern of Mexico, the Sa-
hara desert or the Arabic Peninsula (see Maliva and Missimer,
2012, and references therein), as well as other more elevated
areas in the same Atacama Desert.
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(1) The study zone almost meets all the theoretical requirements to

be considered as optimum to study whether LST can be used as a
proxy of AZ,,. However, in the shallower parts of PTA, there is di-
rect evaporation from the phreatic level during the hottest part of
the day. Evaporation from shallow aquifers may be a major
source of soil moisture (Chen and Hu, 2004; Cooper et al.,
2006). Once the water vapour is generated, it diffuses through
the unsaturated/vadose zone (Gran et al., 2011; Olivella et al.,
2011), playing an important role from the perspective of both en-
ergy and water balances, even in cold regions (Dandar et al.,
2017). Moreover, as a result of the direct evaporation from
the water table in the study zone, an irregular surface of the
salt crust is generated, directly affecting the daily heat flows

through the soil layer, and therefore the LST measurements
from remote sensors. The fingerprint of evaporation is re-

vealed by looking at the spatial structure of& (Fig. 7), where
the larger values are associated with soil zones with rough
salt crust horizons on top.

(2) In spite of the current development of new algorithms for the
derivation of LST from remote sensors, these methods require
different approaches and assumptions for the radiative trans-
fer equation and land surface emissivity (Li et al., 2013). For
the Normalized Emissivity Method (NEM), an initial emissivi-
ty of 0.97 is assumed, obtained by fitting the particular LST
pixel values to the measured ground temperatures at Site A
and Site B. Although this value is in the range of the emissivity
values existing in the bibliography for bare soils (Li et al.,
2004; Mushkin et al., 2005), there is some scale uncertain for
comparing field-punctual and remotely sensed data. Changes
in the initial emissivity for NEM or the use of a different meth-
od for estimating the emissivity might generate discrepancies

with the obtained LST values.

Annex 1

Table A1

7. Conclusions

The phreatic level depth affects the vertical profile of the unsaturat-
ed zone temperatures in both a daily and a seasonal basis. Given the
high thermal inertia of water, the shallower the phreatic level is, the
lower the soil thermal variations due to atmospheric thermal changes
are.

The geographical and hydrogeological settings of the study
zone are close to the ideal required to maximize the chances of

using IST as a proxy of the AZ,,: Neither rainfall nor irrigation,
flat relief, spatially homogeneous groundwater temperature and
no vegetation.

In the study zone, the night time LST derived from remote sensing
data is correlated with the unsaturated zone thickness AZ,,. In spite of

this correlation, the relationship between LST and AZ,, cannot be used
directly to remotely determine the unsaturated zone thickness without
considering other variables, such as direct evaporation from the phreat-
ic level, thermal properties and spatial distribution of the materials
composing both the soil surface and the unsaturated zone.
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Observation wells data. The observation well codes correspond to those from the Centro de Investigacion y Desarrollo en Recursos Hidricos (CIDERH), Iquique, Chile.

Observation well X-UTM? (m) Y-UTM? (m) Altitude (m asl) Unsaturated zone Thickness (m) Measured h” (m asl) Calculated h” (m asl)
PE_011_EW 411,889 7,736,544 993.54 26.47 967.07 972.028
PE_006_W 424,972 7,711,260 960.84 4.09 956.75 953.18
PE_054_W 426,017 7,696,138 946.21 3.21 943.00 944.75
PM_013_A 426,237 7,695,372 946.22 3.15 943.08 944.76
PE_007_EW 4,267,322 7,710,993 960.87 5.05 955.82 953.20
PE_055_W 428,740 7,703,354 950.59 0.97 949.62 947.28
PE_063_Y 429,307 7,731,552 979.20 12.23 966.98 963.76
PE_033_Y 429,442 7,696,059 944.92 1.64 943.28 944.01
PE_062_Y 429,661 7,730,570 978.34 10.14 968.19 963.26
PE_053_W 431,202 7,711,966 963.89 7.48 956.41 954.94
PE_009_W 431,541 7,706,166 956.52 5.03 951.49 950.69
PE_050_W 432,299 7,712,065 965.73 8.72 957.01 956.00
PM_009_A 432,323 7,720,573 973.90 6.06 967.84 960.70
PM_057_A 432,709 7,726,291 974.08 6.98 967.10 960.81
PE_029_Y 433,335 7,702,051 951.08 8.64 942.44 947.56
PE_030_Y 435,017 7,700,199 949.25 12.22 937.03 946.50
PM_022_A 435,285 7,720,323 976.77 9.75 967.02 962.36
PE_034_Y 435,841 7,729,336 976.45 12.83 963.62 962.17
PE_039_Y 436,877 7,723,495 979.90 12.49 967.41 964.16
PE_038_Y 437,146 7,725,703 979.88 13.38 966.50 964.15
PM_077_A 438,501 7,705,021 969.71 13.84 955.87 958.29
PE_038_EW 439,227 7,704,813 970.90 15.99 954.91 958.98
PE_028_X 439,329 7,718,196 983.37 16.04 967.33 966.16
PE_040_EW 439,398 7,705,198 971.97 15.96 956.01 959.59
PM_063_A 440,401 7,703,580 972.98 18.76 954.22 960.17
PM_078_A 445,893 7,722,690 1017.043 39.03 978.01 985.56
PE_007_Blv - - - 5.05 - -
PE_026_W - - - 9.14 - -
PE_048_W - - - 25.7 - -

2 Datum WGS84, Zone 19 K, southern hemisphere.

b Phreatic level.
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Annex 2
Table A2
Observation wells data.
Geological zones Salt crusts Layer 1 Layer 2
Thickness (cm) Composition (%) Morphology Thickness (cm) Composition (%) Thickness (cm) Composition (%) Obs®
scl ~30 Halite 60 Polygonal ~30 DSf* 40 >40 Silt 70 -
Sand 40 Sand 40 Clay 20
Halite 10 Sand 5
NGyp® 5
sc2 ~25 Halite 70 Flat >75 Sand 70 - - -
Sand 25 Silt 10
Silt 5 Halite 10
NGyp® 10
sc3 ~30 Halite 70 Polygonal ~40 DSf* 50 >50 Silt 70 -
Sand 30 Sand 30 Clay 15
Halite 10 Sand 15
NGyp® 5
sc4 ~50 Halite 60 Polygonal ~50 DSf?* 40 >60 Silt 70 -
Sand 40 Sand 40 Clay 20
Halite 10 Sand 5
NGyp® 5
sc5 ~50 Halite 50 Polygonal & Wavy >50 Sand 70 - - -
Sand 50 Silt 15
Halite 10
NGyp° 5
sc6 ~45 Halite 80 Polygonal & Rugous >30 Sand 80 - - -
Sand 15 Silt 15
Silt 5 FGyp© 5
sc7 ~45 Halite 60 Polygonal & Rugous >30 Sand 60 - - -
Sulphates 15 Sulphates 40
Sand 15
Silt 10
sc8 Uknw" Halite 90 Very rogous Uknw! Uknw! - - -
Sulphates 10
sc9 ~120 Halite 70 Rogous & Wavy ~30 Sand 80 ~30 MGyp? 100 h
Sand 30 Sulphates 20
sc10 Uknw" Halite 80 Very rogous Uknw’ Uknw! - - -
Sulphates 20
scll Uknw' Halite 50 Polygonal Uknw’ Uknw’ - - -
Sulphates 40
Sand 10
veg Uknw' Halite 40 Polygonal & Rugous  Uknw’ Uknw! - - i
Sulphates 30
OM°€ 20
Sand 10
as 10 Gypsum 80 Flat 30 cm Sand 80 - - i
Sand 20 Silt 20
@ Detrital sulphate.
b Nodular Gypsum.
€ Fibrous gypsum.
d

Massive gypsum.
¢ Organic matter.
Unknown.

& QObservations.
h

Unconsolidated sand and silt are observed under the massive gypsum of Layer 2.

! In some places of layer 1 salt crusts covered with organic matter and sulphates.
1 Cyclic process: formation of sulphate crust covered by sediments.
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Figure A2. Roughness and general components of the salt crusts of the study area.
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