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Abstract

Salares in the altiplanic region of Chile, Bolivia, and Argentina sustain important ecosystems in small, shallow
wetlands, with inflows provided by groundwater and outflows consisting mainly of evaporation. The temporal
and spatial thermohydrodynamics of one of these extremely shallow, saline, endorheic wetlands in northern Chile
is analyzed on the basis of field observations of water temperature and salinity, and low-dimensionality models
accounting for conservation of heat, mass, and volume. Temperature in the studied system is spatially
homogeneous but with strong daily oscillations. Salinity, on the other hand, exhibits longitudinal gradients from
the zone of (salty) groundwater upwelling to the final evaporation lagoon. Heat balance in the system is largely
controlled by wind, as the evaporative heat flux balances out the net solar radiation. Heat exchange with the
bottom sediments damps the daily temperature oscillations by retaining (releasing) heat from (to) the water
column. Simulated longitudinal profiles of salinity and flow discharge agree reasonably well with field
observations but salinity effects on the rates of both evaporation and salt precipitation need to be taken into
account. Laboratory experiments were conducted to develop a simple model for the former effect while the latter
effect was accounted for by using existing information. Field measurements provided calibration of the model
parameters. The observed longitudinal salinity gradients are correlated with the biological structure of the

associated ecosystem to explain, for instance, the existence of specific flamingos’ feeding areas in the system.

Salares are landscapes formed by a crust of salt resulting
from evaporation of water in saline lakes, which are
typically located in central depressions of closed basins of
the elevated plateau (with elevations of about 4000 m
above sea level [asl]) of the Central Andes of Chile, Bolivia,
and Argentina. This elevated plateau, locally known as
Altiplano (which in Spanish means high and flat lands), is
covered by numerous volcanoes and elevated mountains
(with elevations up to about 6500 m asl) that delineate the
closed basins (Risacher et al. 2003). Salar is a particular
name for playas (Kampf et al. 2005), defined by Rosen
(1994) as landscapes with negative annual water balance
and a capillary fringe that is close enough to the surface as
to allow for water discharge via evaporation.

Latitudes around the Tropic of Capricorn impose an
arid climate characterized by low precipitation and air
humidity (less than about 150 mm yr—! and 50%, respec-
tively) that explain potential evaporation rates greater than
about 1000 mm yr—! (Risacher et al. 2003). Furthermore,
high altitude imposes low air temperature (of around 0°C
annual mean), high solar radiation (up to about
1300 W m~2 in summer), and high daily and seasonal
temperature oscillation with amplitudes that reach values
greater than 30°C.

Aquatic ecosystems in salares are found as small and
extremely shallow wetlands a few centimeters deep,
sustained by inflows coming from groundwater that
upwells at the perimeter of the salar (Risacher et al. 2003;
Kampf et al. 2005; Houston 2007). Once the groundwater
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upwells, it is completely evaporated in an area defined by
the balance between the inflow volume and evaporation
rates. This balance thus produces the evapoconcentration
of salt, increasing then the water salinity along the flow
direction. These systems are known as VCL (D. Soto pers.
comm.) because their structure can be decomposed into a
marshland, or vega in Spanish (V), supplied by groundwa-
ter; a rather shallow channel flow (C), a few kilometers
long; and an evaporation and infiltration lagoon (L) as it is
shown in Fig. 1. Terrestrial vegetation is present only in the
vegas, whereas the surrounding area of channels and
lagoons is covered by a crust of salt.

These VCLs spread out in the desert, sustaining rich
terrestrial (Rundel et al. 2003) and aquatic ecosystems
(Hulbert and Keith 1979; Zuiiga et al. 1991), which have
been focus of different biochemical (Messerli et al. 1997,
Risacher et al. 2003; Kampf et al. 2005) and hydrological
studies (Williams et al. 1995; Jerez 2000; Demergasso et al.
2003). Particular attention has been given to altiplanic
flamingos, represented by three species: Phoenicopterus
chilensis, Phoenicopterus andinus, and Phoenicopterus ja-
mesi, with populations that reach thousands of birds per
salar (Hulbert and Keith 1979). Two important aspects of
the flamingos’ behavior have been related with the physical
dynamics of VCLs. First, these birds build their nests
within the lagoons to protect them from the attack of
predators such as the fox (Hulbert and Keith 1979);
therefore, water has to be deep enough to provide real
nest protection, but not as much to avoid flooding. Second,
flamingos feed on benthic organisms only in particular
areas of the VCLs. This specificity of feeding behavior has
been explained on the basis of size selectivity, on the basis
of the bill morphology, where the latter acts as a bandwidth
filter (Hulbert and Chang 1983; Mascitti and Kravetz
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Fig. 1. Morphological decomposition of VCL2 and defini-
tion of study area.

2002). The existence of a relationship between flow regime,
which controls water salinity and mass exchange between
water and sediments, and the benthic dynamics that
determines the availability of the specific type of food that
constitutes the flamingos’ diet is a plausible hypothesis to
be tested to explain this observation.

Although the relationship between salinity and benthic
organisms has been described for similar ecosystems (Camp-
bell 1995; Ryves et al. 2006), no previous scientific studies on
the hydrodynamics of altiplanic lagoons have been found,
which is a major obstacle to accomplish the test of the above
hypothesis. Different studies have described mass, energy,
and salt balances for similar systems around the world,
governed by evaporation (Helczeg and Imboden 1988; del
Castillo and Farfan 1997; Birchoff et al. 2004); however,
spatial changes driven also by diurnal oscillation of the
meteorological conditions have not yet been included in
previous analyses. The main objective of the study reported
here was to define, on the basis of field data and mass,
volume, and energy conservations laws, the main processes
that modulate the thermohydrodynamics of one of these
VCL systems, the focus being placed on characterizing and
predicting the temporal and spatial changes in the water
temperature and salinity. It is worth noting that aquatic
ecosystems whose hydrology is determined by a balance
between inflow and evaporation, which give rise to salty
small-size lagoons, can also be found in other places where
the results presented here can be applied (Williams 2002;
Timms 2005; Costelloe et al. 2009).

With this aim, the system denoted VCL2 at Salar Punta
Negra was chosen because it has a clear longitudinal
structure, enabling us to propose a simplified analysis to
identify the main processes involved in the thermohydro-
dynamics of these ecosystems. System VCL2 is located in
northern Chile, about 200 km to the southeast of the city of
Antofagasta and about 1500 km to the north of Santiago.
The average water inflow to VCL2 is about 3.5 L s—1, and
this aquatic system is used by populations of flamingo for
feeding. VCL2 is about 2.5 km long with a clear VCL
subdivision (see Fig. 1): a marshland of about 300 X

100 m, a channel 1.5 km long and 10 m wide, and a
transition zone where the flow width increases gradually to
reach about 150 m at the lagoon.

This article is organized as follows: in section 2 the field
measurements are described and discussed preliminarily,
whereas in sections 3 and 4 the thermodynamics and mass
and volume balances of the system are studied, respectively.
Different conceptual models are proposed in section 5 to
explain the spatial distribution of salinity and the results
are compared against field measurements. A dimensional
analysis is conducted in section 6 to propose an algebraic
expression for the estimation of surface area and water
salinity in VCL systems on the basis of characteristic inflow
and evaporation rates. Finally, in section 7, the discussion
is focused on proposing a general conceptual framework to
describe the thermohydrodynamics of aquatic systems in
salares, particularly the processes that control their spatial
distribution of salinity, and its connection with the
ecosystem dynamics.

Methods

Field study—Different field studies, previously reported
by de la Fuente et al. (2006), were conducted covering the
area delimited in Fig. 1. This area was chosen because it
represents the flamingos’ feeding zone and it is where the
stronger salinity gradients are found. Within this area, a 2-
d long field campaign was conducted between 11 and 13
January 2006, aimed at characterizing the hydrodynamics
of VCL2. Measurements of salinity were taken with a
portable WTW conductivimeter and thermometer to
obtain three sets of measurements of the conductivity and
temperature field in the study area, characterizing the
morning, noon, and evening dynamics of the system.
Measured data of electric conductivity and water temper-
ature are internally converted by the instrument into salt
concentration and this internal conversion was validated in
the laboratory, for the range of salinities measured, with a
solution of NaCl. Water inflow was of about 2.1 L s—!, the
flow being generally so shallow (1 to 5 cm deep) that the
measurements taken at a point can be considered to be
equivalent to vertical averages. The two-dimensional
salinity field corresponding to measurements taken between
12:00 h and 13:00 h 12 January is plotted in Fig. 2A,
whereas representative longitudinal profiles for the three
sets of measurements taken during morning, noon, and
evening, respectively, are shown in Fig. 2B. Each one of the
three spatial characterizations of the water salinity was
carried out through intensive sampling, in the whole
domain, of water conductivity and temperature, recording
also the global positioning system location of the measure-
ment point. For each characterization, about 100 localized
measurements were taken covering the whole domain and
the postprocessing of the information was conducted using
the contour function of Matlab. Furthermore, Fig. 2B
shows some diurnal variation in the water salinity, with
amplitude of about 40 g L—!, such that the salinity
increases during the afternoon because of diurnal varia-
tions in the evaporation rate, and then decreases during the
night. These temporal changes in water salinity are more
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Fig. 2. (A) Contour plot for water salinity measurements at noon on 12 January 2006.

Circles and triangle indicate locations where water and sediment temperature measurements were
made. (B) Longitudinal profiles of salinity at three different times.

likely to occur in mid-regions of the channel, where the
horizontal gradients in water salinity are larger.

Meteorological variables corresponding to air tempera-
ture, relative humidity, air pressure, net incident short-wave
solar radiation, and wind speed and direction are available
every 15 min from January to March of 2006. These
measurements are shown as time series in Fig. 3 for the
duration of the field campaign. The strongest wind speed
occurs during the day and comes from the west, going from
the lagoon to the marshland. During the night, the wind
inverts its direction, coming from the marshland to the
lagoon.

Nine Stowaway Tidbit thermistors were placed along
VCL2 for measuring the spatial variation of water
temperature and an additional one was placed 2 cm below
the water—sediment interface at the points indicated in
Fig. 2A. These measurements show that temperature tends
to vary in time but not in space. Indeed, Fig. 4A shows
time series of the spatially averaged value of water
temperature (measured by the first nine thermistors) and
maximum and minimum values of these measurements for
each time. Variation in space does not exhibit a trend and is
much smaller than that observed in time (Fig. 4A). On the
other hand, Fig. 4B shows the measured temperature of the
bottom sediments, which displays similar diurnal oscilla-
tions as those of the water column. This issue is discussed
hereafter.

The low inflows characteristic of the hydrodynamic
conditions of VCL2 produce water depths between 1 and
5 cm, and flow velocities lower than 10 cm s—!; both ranges
were measured during field studies. Thus, flow conditions
correspond to Reynolds number values (on the basis of

water depth and mean flow velocity) of about 1500, close to
the laminar flow limits.

Results

Thermodynamic balance—Given the spatial homogeneity
of the temperature in the system, it is assumed that it can be
modeled using a spatially averaged equation that accounts
only for temperature variations in time. Heat balance in a
water volume of depth /, density p, heat capacity c,, and
temperature 7T, is described by (Garratt, 1992; Bogan et al.
2003)

0T,
(pep)h 6tw = Hy — Hly + Hiw —H]y+ Hs+ Hy + Hg (1)

Subindexes denote the nature of the corresponding flux:
short-wave radiation (SW), long-wave radiation (LW),
sensible or convective heat flux (S), latent or evaporative
heat flux (L), and heat exchange with the bottom sediment
(G). Arrow denotes fluxes to (| ) or from (1) the water.
Héw was measured in the system (Fig. 3E) and the fraction
refracted at the water surface was estimated on the basis of
the albedo, assumed equal to 3%. Long-wave radiation was
computed using the Stefan-Boltzman relationship,

2)

where ¢ is the emissivity of the medium, taken equal to 0.97,
which is a characteristic value for water and clear sky; ¢ =
4.899 X 106 kJ m—2 d—1 °’K—4 and Taw takes values of the
air or water temperature in Kelvin degrees, depending on
whether water or atmospheric emissions are computed

b _ 4
Hiww=¢0Tiw
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Fig. 3. Time series of meteorological data. (A) Wind speed,

(B) wind direction, (C) air temperature, (D) relative humidity, (E)
incident short-wave radiation, and (F) air pressure. Source: de la
Fuente et al. (2006).

(Figs. SA and 3C, respectively). To compute the sensible
and latent heat fluxes, both atmospheric turbulence and
stability were considered (Mahrt and Ek 1984; Adams et al.
1990). For that, the Monin—Obukhov similarity theory for
nonneutral surface layer was applied, with the parameter-
izations of the Kansas experiments (Garratt 1992). Finally,
the hydrodynamic roughness was computed with the
expression proposed by Gulliver and Song (1986) for
smooth surface, capillary wave, and gravitational wave
regimes. Figure 5 shows the atmospheric heat fluxes
computed on the basis of the field data. Dark and light
lines in Fig. 5 were computed using the spatial mean,
minimum, and maximum thermistor water temperature, as
in Fig. 3A.

The net sensible heat balance within a day is close to
zero, with maximum and minimum values less than about
10% of the net solar radiation (Fig. 5C); therefore, this
term is not very important in the heat balance. On the other
hand, long-wave radiation (Fig. 5B) extracts heat from the
water all day long, with a maximum rate that correlates in
time with the water temperature maximum. The net solar
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Fig. 4. Temperature of the (A) water column (spatial mean,

maximum, and minimum values) and (B) sediment bed (taken at
2 cm below the sediment-water interface).

radiation (Fig. SA) is mainly balanced by the evaporative
heat flux (Fig. 5D), which, although it increases in
magnitude as the temperature increases, is mainly driven
by the wind blowing during the afternoon, which, in turn,
increases the rate of water diffusion to the atmosphere,
reaching maximum evaporation rates of about 40 mm d—!
and a mean daily value of about 8 mm d—! (Fig. 5E). One
extra computation was carried out, as a sensitivity analysis
for the evaporative heat flux, not accounting for the
atmospheric boundary layer (ABL) stability. The difference
between evaporation rates with and without considering
ABL stability is shown in Fig. 5F, where a positive value
means that the evaporation rate computed by considering
the ABL stability is larger than if it is not considered. The
maximum difference between computed evaporation rates
is about 2 mm d—!, which is equivalent to about 50 W m—2
in terms of heat flux, and this maximum is detected before
the wind starts blowing at about noon (Fig. 3A). This
change in behavior due to wind blowing shows that during
the morning, the buoyancy vertical fluxes are important to
explain heat exchange between the VCL2 and the
atmosphere, while in the afternoon, it is turbulence in the
ABL, produced by wind shear, that controls such heat
exchange. Figure 5F also shows that the thermodynamics
balance given here for VCL2 is not dependent on the
parameterization assumed for the turbulent conditions in
the ABL.

When the net atmospheric flux is computed and
compared with the left hand side of Eq. 1 (Fig. 6B), the
heat exchange with the bottom sediments clearly closes the
balance. This exchange releases heat during the night (light
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Fig. 5. Atmospheric heat fluxes in W m~2: (A) net short-
wave radiation, (B) net long-wave radiation, (C) sensible flux, and
(D) latent heat flux. (E) Potential evaporation rates computed
considering the atmospheric boundary layer (ABL) stability, and
(F) difference between evaporation rate computed with and
without considering the ABL stability.

gray filled areas in Fig. 6), which balances out the long-
wave emission, maintaining water temperature higher than
it would be without this flux. On the other hand, during the
morning when the water temperature begins to increase,
sediments capture a part of this heat, producing the
opposite effect than during the night. This heat exchange
at the sediment-water interface clearly explains the high
daily oscillation of sediment temperature observed in the
system (Fig. 4B).

Mass and volume balances—The hydrological regime of
VCL2 is characterized, as a first approximation, by an
average inflow of about 3.5 L s—! and the hydrological
balance is closed by considering evaporation losses, which
reach a daily average value up to 14 mm d—! in January
(austral summer), with a mean value of about 8 mm d—!
during the field campaign. These high evaporation rates
produce the spatial differences of salinity along the flow
direction, which is minimum nearly at the marshland, with
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Fig. 6. Dynamics of ground heat flux: (A) time series of

sediment temperature measurements; gray area shows flux from
water to sediment. (B) Comparison between net atmospheric
fluxes and term pc,hd,T; gray areas denote when ground heat flux
is positive from sediment to water column.

a constant concentration of about 15 g L—! (note that the
groundwater is saline in this region and this inflow
concentration varies in less than about 5% over time),
and increases downstream due to the evapoconcentration
of salt ions produced by the reduction of the dilution
volume due to evaporation.

It is worth noting that this conceptual description
neglects at least two mechanisms that may influence mass
and volume balances in the VCL: dissolution of previously
deposited salts and infiltration. Although the dissolution of
previously deposited salts along the channel could also
explain the observed positive longitudinal salinity gradients
along the VCL, it is argued that this process would be
important only in the long term as it would impose
morphological changes in the channel, which to our
knowledge have not been seen or reported. On the
contrary, changes in the lagoon morphology, associated
with local salt precipitation, can be detected even within
one season. Possible water and salt exchanges between the
VCL and the confined salty aquifer that lies below the land
surface (Risacher et al. 2003), on the other hand, should be
considered as a source of fresher water for the surface
system, because the groundwater piezometric level of the
confined aquifer is generally above the land surface level,
which explains the water upwelling at the upstream end of
the VCL. Therefore, in case important water exchanges
between the VCL and the aquifer occur, they would
decrease the surface water salinity and contribute to
lowering the longitudinal salinity gradients along the
system, because the groundwater salinity is not being
evapoconcentrated as in the VCL2.
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Fig. 7. Empirical relationship between water salinity and
correction for evaporation. Present laboratory data (clear
symbols) and field data of A. Grilli (pers. comm.) (solid symbols).

Regarding the volume conservation in the entire system,
the inverse relationship between the net evaporation rate
and water salinity (Oround 1999; Lensky et al. 2005) should
be included in the computation of the actual evaporation
rates from VCL2. According to Oround (1999) and Lensky
et al. (2005), this inverse relationship decreases the water
saturation in the air because of reductions in the free energy
of water molecules. To take into account this process, the
parameter f3 is introduced such that the evaporated mass £
kg m—2 s~ is computed as

E(S)=K p,(Bgs—q) (3)

where K is the bulk transfer coefficient computed with the
Monin-Obukhov theory, p, the air density, and ¢; and ¢
the water concentration, saturated and in the air, respec-
tively (Garratt 1992). A value of f§ equal to 1 corresponds
to pure water, which yields the so-called potential
evaporation.

However, Grilli (pers. comm.) used a simple approach
on the basis of field data from other Andean salt lagoons,
such that the effect of water salinity on the evaporation rate
is taken into account by means of a function F(S) = E(S)/
E,, where E, is the potential evaporation rate given by f§ =
1 in Eq. 3, using field data of very high salinity (about
350 g L1, see Fig. 7). To validate Grilli’s analysis and to
extend the proposed trend toward lower salinity values,
laboratory experiments were conducted as part of the
present study. For these experiences, water of different
salinity, including the case with no salinity, prepared by
mixing distilled water and salt (NaCl) in different
proportions, was evaporated simultancously from a set of
ponds under controlled conditions of ambient temperature
and humidity. The evaporation rate was computed by
measuring differences in mass with respect to the initial
condition for each pond. The results obtained in these
simple experiments agree fairly well with field data at high

salinity, and suggest a linear reduction of the evaporation
rate as salinity increases (Fig. 7).

Considering a characteristic potential evaporation rate
of 8 mm d~!, and the experimental correction of the
evaporation acting together with the spatial distribution
of salinity of Fig. 2A, the total evaporated water volume
from VCL2 is estimated in 3.7 L s—!. Were the relationship
of Fig. 7 not considered, the evaporated water flow would
be equal to 6 L s—!1, which is about two times greater than
the mean inflow rate.

With regard to salt mass balance within VCL2, as has
been mentioned, the salt concentration in the marshland is
about 15 g L—1 with variations of less than about 5%. This
concentration and the mean inflow rate give a mean input
of salt mass into the VCL system equal to about
4500 kg d—1, equivalent to 2.1 m3 d—! of salt that is
precipitated in the lagoon, thus increasing its bed elevation
and changing its morphology. It can be argued that
precipitation occurs mainly in the lagoon, because during
the field campaign it was easy to appreciate that the bed
composition in this area is actually a crust of salt, whereas
the bed composition in other areas of the system is basically
clay and silt and a mat of organic matter.

Measurements plotted in Fig. 2 show an almost constant
salinity in the entire lagoon, with maximum values of about
230 g L=1. Such value is about half that of the maximum
salinity that according to Fig. 7 reduces the evaporation
rate to zero, which is about 500 g L—!. This result points
out that a saturation mechanism maintains the evaporation
rate in the lagoon at levels lower than those predicted by
Fig. 7. It is argued that this mechanism corresponds to salt
precipitation. Indeed, salinity data corresponding to
saturation concentration (Benduhn and Renard 2004)
reach values that agree fairly well with those of the
maximum salinity measured in VCL2. It is, therefore,
important to consider the process of salt precipitation to
close the water balance. If that is the case, it should be
noted that the saturation threshold should be dependent on
water temperature and type of ions defining the salinity
solution; however, Nat+ and Cl- ions are the most
dominant in altiplanic water (Risacher et al. 2003) and
the limit of 500 g L—! can then be used as a representative
value for VCL systems in the altiplano, although this value
should be interpreted as a daily average value for summer
conditions.

Spatial dynamics—The evapoconcentration problem can
be described using mass and volume conservation equa-
tions for a one-dimensional steady flow in a channel of
width B m, with water and salinity inflows at the upstream
boundary, Q, m3s~! and S, g L—I, respectively. This
problem is analyzed under three different approaches.

Case 1: Case in which longitudinal changes in the water
flow Q are given by a homogeneous potential evaporation
rate E,, and changes in the water salinity respond to the
fact that the dilution volume decreases because of the
water evaporation, the total mass being preserved in the
system. This dynamic gives the governing equations for
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conservation of volume and salinity along the longitudinal
axis

20 _

—E, B
ox ©

o5 (4)
— —E,BS=0
Q&x S

Case 2: This case considers that the net evaporation is now
corrected for salinity effect, such that the correction is
described by a linear function that takes a value equal to 1
for S = 0 and 0 for S = S,, (Fig. 7), where S,, is the
maximum salinity. The salt balance is described by the same
dynamics as in case 1, and the governing equations are
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Case 3: This case considers that the evaporation is corrected
for salinity effect as for case 2, but the salt is allowed to
precipitate when its concentration exceeds a saturation
concentration S,. The precipitation rate is assumed to be
constant, characterized by a precipitation velocity kp m s—L.
The governing equations are now written as

0 5p(i-2)
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oS S ©
0% £ Bs (1_ Sm) — B max(kp [S—S,]. 0)

S 18 the maximum salinity that produces evaporation,
which was determined to be equal to 500 g L—1! on the basis
of field measurements and laboratory experiments (Fig. 7).
S, is the saturation salinity, estimated as 200 g L=! on the
basis of data by Benduhn and Renard (2004). Finally, kp is
the bulk precipitation coefficient that should be a function of
flow regime and water temperature; however, as no previous
studies were found on this issue, the value of this coefficient
was estimated by fitting the model to the present field
measurements. Notice that the threshold concentration S, is
also dependent on water temperature, and thus changes
during the day. Particularly, the precipitation limit increases
with the temperature (Benduhn and Renard 2004), the salt
precipitation being a process that is more likely to occur
during the night when the water temperature decreases and
wind mixing of the systems recedes. However, given the
steady state analyzed here, this given value for S, should be
considered as representative of the daily average conditions
during summer, and may change during the year.

Figure 8A shows the longitudinal salinity profile mea-
sured in the afternoon of 13 January, and those predicted
under the three approaches previously explained for E, =
8 mm d—!, corresponding to the mean daily evaporation
estimated in Fig. SE, an estimated value of kp = 40 mm d—!
and the measured data Q, = 2.1 Ls=1, S, =25 g L1, and
B = 25 m. Figure 8B shows the longitudinal profiles of
water flow discharge computed with the three proposed
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Fig. 8. Results of the simulations given by different conceptual

models for salt and mass balance in a 1D evapoconcentrated
channel. Longitudinal profiles of (A) salinity and (B) water flow rate.

approaches. Dashed line in Fig. 8§ corresponds to the
longitudinal profiles under the first approach with constant
evaporation. Such assumption gives a faster increase of
salinity along x than was measured, and an infinite
concentration of salt at a distance xx = Q/(E,B), where
also Q = 0. Under the second approach (solid light line in
Fig. 8) the longitudinal salinity profile fits well the field
measurements, and reaches a finite salinity at a distance
greater than x«; however, as the evaporation is cut off at a
salinity of 500 g L—1, the water flow is not completely
evaporated in the system, giving an infinite VCL longitude.

Finally, when salt precipitation is switched on (third
approach, solid dark line in Fig. 8), the good fit of the
modeled longitudinal salinity profile to the field data obtained
for § < S, under the second approach is still present. Beyond
the point where the salinity reaches the limit value S = S,,, this
variable remains constant around this value, and therefore
evaporation can account for all the inflow volume within a
finite distance. Despite these generally positive results, fit of
the computed longitudinal profile to measurements is not
perfect. Particularly, the computed distance required to
completely evaporate the water inflow in VCL2 is shorter
than observed in the field, which leads to underestimation of
the total length of the system. Nevertheless, taking into
account that the present analysis neglects the longitudinal
variation of the width B and that steady flow was assumed for
the analysis, it is concluded that this simple conceptual scheme
can explain the main features of the salinity dynamics in the
VCL system under study.

Dimensional analysis and generalization of the results—
Previous sections have allowed us to identify the mecha-
nisms, evaporation and salt precipitation, that primarily
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Fig. 9. Conceptual scheme for the 2D radial problem in

semicircular domain.

explain the spatial distribution of salinity in altiplanic
lagoons. Even though the results obtained in the previous
section can be readily extended to other systems where
channel-type morphology could be assumed, it is worth
noting that, at least in the Chilean altiplano, there are only
few cases where that assumption is not questionable. In fact,
cases where the inflow water does not canalize are more
frequent in the altiplanic region, which can be represented by
a semicircular domain (Fig. 9), where volume and salt mass
governing equations are written in polar coordinates as

a—Qz—ﬂrEo (I—S)

or S
oS S 7
Q- —nrkS (1—S> = —nrmax(kp [S—S,], 0)

On the basis of both types of morphology, channel and
semicircular domain, a dimensional analysis is conducted, as
follows, to analyze the dependence of the solution (S and Q) on
the parameters that define the problem, which are E,, Sy, Sp,
kp, and Q,. In particular, we would like to predict the size or
horizontal extension of the VCL system, given a set of control
parameters. The accumulated surface area (Q) is used instead
of the horizontal dimensions of the problem (x or r for the
channel and semicircular domains, respectively), where this
is defined as the VCL surface area between 0 and x or r, Q,
being the maximum VCL surface area where also Q = 0.

Four dimensionless parameters define the behavior of Q,:
M =E,0,0, ', Th=5,S, ', TI;=S,S,, ", and Tly =kpE, "
Figure 10A shows the plot of I1; as a function of Il, (for
constant values of I, = 0.4 and II; = 0.03 given by the
values of S, = 15gL-1, and S, and S,, estimated in
previous sections for VCL2) using the solution of the one-
dimensional (1D) (channel-like morphology, Eq. 6) and two-
dimensional (2D) (semicircular morphology, Eq. 7) cases,
both solutions being identical. For small values of kp (small
I1;) the solution tends to that without precipitation;
therefore, the maximum salinity goes to S,, and the surface
area to infinite. On the contrary, greater values of kp (large
I1,) produce faster salt precipitation with maximum salinity
closer to S}, and there is a certain value for this parameter
above which the solution does not depend on it. This
behavior and the established limit of S, =~ 200 g L~! suggest
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Fig. 10. Dimensionless VCL surface l'IleEOQO’1 as a

function of (A) dimensionless number Ily=kpE, ! for constant
values of Il, = 0.4 and II; = 0.03, and (B) the product
IT,11; =SOSpSn’12 when the solution is not depending upon Ily.

that kp is large enough not to be of much importance in the
analysis; therefore, IT; will be considered only dependent on
IT, and I15 and the effect of IT4 will be neglected.

Figure 10B presents the plot of IT; as a function of the
product IT,IT; for the 1D and 2D problems, for a set of 300
runs for different values of the involved variables, allowing
us to collapse the data and fit the curve presented in the
figure. Both solutions, 1D and 2D, are exactly the same
when the horizontal dimensions are expressed in terms of
surface area. Using the suggested values for §, =
200 g L-1 and S,, = 500 g L—1, the fitted curve is valid
for 0 = S, = 70, and is given by

QF, § 076
=4.1 2 1
0, (1250> i ®)

with a standard error of 0.005, equivalent to 0.5% for a
reference value of E,QQ;'=1.

A second analysis deals with the spatial distribution of
salinity. For the sake of simplicity, it is assumed that
M,=S5,S," is constant with S, = 200 g L-! and S,, =
500 g L—1, and Il4 is large enough such that its effect can be
neglected, as in the previous analysis. Under these conditions,
computed longitudinal salinity profiles, normalized by S,
are plotted in Fig. 11 in terms of the dimensionless surface
area (QE, O 1. Once again 1D and 2D cases yield exactly
the same solution, which shows that the spatial distribution
of salinity as well as the total area of the VCL are, as a first
approximation, independent on the lagoon morphology, and
so this analysis and the proposed expression for the
dimensionless area of the system can be used in any endorheic
lagoon characterized by evapoconcentration.
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Fig. 11. Longitudinal profiles of normalized salinity as a

function of the dimensionless cumulative surface area for different
values of inflow salinity S, normalized by S,. 1D and 2D
approaches yield the same solution. Labels indicate S, ! values
corresponding to each line.

Discussion

Boxlike (i.e., zero-D) approaches have been used to
describe salty lagoons and to quantify changes in their
ecological features due to changes in external forcing
conditions, such as climate changes or modification of
hydrological conditions (Evans and Prepas 1996; del
Castillo and Farfan 1997; Lopez-Gonzalez et al. 1998).
Timms (2005) described a theoretical model for ecological
shifts in Australian salty lagoons due to changes in the
salinity and nutrient input, showing that changes in
nutrient inputs move the ecosystem between phytoplankton
or macrophyte domination, whereas water salinity increas-
es move the ecosystem from macrophyte domination
toward microbial mat domination.

In the analyzed VCL system, because of the observed
longitudinal salinity gradients, both the macrophyte and
microbial mat stages described by Timms (2005) are present
simultaneously along it, as described previously, with the
former found in the marshland area and the latter in the
channel and lagoon areas. The system even shows presence
of ichthyofauna in some of the pools in the marshlands area
(Parenti 1984). This suggests that the study of small-size
aquatic systems such as the VCL should be addressed using
conceptual models based on a continuum approach rather
than on the traditional boxlike approach, which is somehow
embedded in the VCL subdivision too. Taking into account
the spatial variability of the system provides a better
description of its dynamics. For instance, the presence or
absence of macrophytes in the low-salinity areas of the VCLs
mostly depends on the inflow water salinity rather than on
the inflow water volume or evaporation rates. On the other
hand, changes in the inflow volumes will change the total
lagoon surface, but the partitioning between salty and
fresher-water areas should remain constant.

With respect to the particular analysis of VCL2, extreme
meteorological conditions impose high diurnal oscillation
of the water temperature in VCL2, between almost 0°C to
30°C in the period of analysis. Among the different fluxes

involved in the heat balance, it is concluded that the
evaporative heat flux balances the net solar radiation, these
two atmospheric fluxes being the most important ones in
this balance. However, the heat flux to and from the
bottom sediments was identified to be another important
factor in the heat balance, contributing to damping the
strong oscillations of the water temperature that would
occur in case this flux is neglected or not considered.

Furthermore, it was shown that the water temperature
appears to be spatially homogeneous, suggesting that heat
exchanges with the atmosphere and bottom sediments are
also spatially homogeneous. Since heat exchange with
bottom sediments is usually controlled by turbulence, this
may lead to the idea that the flow conditions or water column
turbulence can also be assumed to be spatially homogeneous.
However, spatial differences in flow conditions can be clearly
seen in the system. This apparent contradiction implies that,
although there are spatial differences in the flow conditions,
the actual importance of the associated gradients in the
system is small with respect to other external agents, such as,
for instance, the periodic wind that blows every afternoon
with large magnitude. Wind is an external source of energy
that affects the entire VCL system, being strong enough to
control the water—atmosphere heat fluxes and to impose a
Couette-like flow that determines the vertical distribution of
shear stress in the water column. This analysis shows that,
physically, there are no relevant spatial differences that
explain the well-reported spatial biological diversity in VCL2,
except for those exhibited by the water salinity. Hence,
salinity gradients should be explicitly considered when
studying, for instance, the interaction between flamingo
populations and benthic organisms in the system (Hulbert
and Chang 1983; Demergasso et al. 2003; Herbst 2006).

Regarding the spatial distribution of salinity, the rela-
tionship between the inflow volume and the evaporation rate
was found to be a function of the inflow salinity S,. Higher
values of S, decrease the net evaporation rate and increase
the surface area of the VCL, decreasing the longitudinal
salinity gradients in the system. It was also concluded that
the influence of salinity on the evaporation and precipitation
rates must be accounted for in any analysis of the VCL
systems. Without any of these two processes, the solution of
the volume and mass balances would lead to singularities,
such as infinite salinity in the case when the relationship
between the evaporation rate and salinity is not considered,
or infinite surface area of the system in the case when the salt
precipitation process is not considered.

Further research should be conducted to, first, validate
the coefficients estimated here, and then focus on the
temporal changes of water salinity. Regarding the last
issue, two aspects present in the meteorological conditions
affecting the VCL system studied should impose temporal
changes of the spatial distribution of the salinity: daily and
subdaily changes in the evaporation rate, which, according
to this analysis, varies from 0 up to 40 mm d—! in January,
and the wind, which blows periodically from the lagoon to
the wetland when it is at maximum magnitude.

Because of the extremely shallow conditions of the VCL
systems, processes involved in conservation laws of mass,
energy, and volume are primarily driven by air-water
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exchanges, which affect the system homogeneously. Coupled
interaction among salt evapoconcentration, salt precipita-
tion, and evaporation provides a reasonable explanation for
the observed spatial distribution of water salinity.
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