
SIMULATION OF PHYTOPLANKTON RESPONSE TO STRONG WIND
EVENTS IN LAKE VILLARRICA, CHILE

MERUANE, C.1, NIÑO, Y.2, and GARREAUD, R.3

1Ph.D. Student, Department of Geophysics, Universidad de Chile.
Blanco Encalada 2002, Santiago, Chile (Tel: 56-2-678-4302, e-mail: carolina@dgf.uchile.cl)

2Associate Professor, Department of Civil Engineering, Universidad de Chile.
Blanco Encalada 2002, Santiago, Chile (Tel: 56-2-678-4645, e-mail: ynino@ing.uchile.cl)

3 Associate Professor, Department of Geophysics, Universidad de Chile.
Blanco Encalada 2002, Santiago, Chile (Tel: 56-2-678-4310, e-mail: rgarreau@dgf.uchile.cl)

Abstract
    Lake Villarrica is located in south central Chile, at the foot of the Andes Mountain Range
(38º 18’ S, 72º 05’ W). Its altitude is 230 meters above sea level, its surface area is 176 Km2

and its maximum depth is 167 m. The lake is regarded as monomictic and mesotrophic.
Strong wind coming from the east is usually observed in the region. It corresponds to the kind
of Foehn winds and is locally called “Puelche”. Three or four Puelche events typically occur
during summer time, when the lake shows a strong thermal stratification. In the present paper,
results of a field study and numerical simulations of the response of the thermo-
hydrodynamics of the lake and phytoplankton productivity to the forcing induced by Puelche
events are reported and discussed. The simulations were conducted using CE-QUAL-W2, a
two-dimensional laterally averaged hydrodynamic and ecological model. Simulations show
that Puelche events induce a rather important mixing of the surface waters, in agreement with
observations during the summer 2004. Model results indicate that this mixing in turn
increases productivity in the lake with respect to the situation in absence of this
meteorological phenomenon, particularly when Puelche occurs at the end of the summer
season, when phytoplankton biomass would otherwise be naturally declining.

Keywords: Thermo-hydrodynamics, phytoplankton dynamics, wind mixing, Lake Villarrica,
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1. INTRODUCTION
    Lake Villarrica is the largest of Araucanian lakes in south central Chile (38º 18’ S, 72º 05’
W) (Campos et al., 1983). It is located at the foot of the Andes Mountain Range at an altitude
of 230 meters above sea level (Fig. 1). The lake was created as the valley was closed due to
glacial retreat at the end of the last ice age. It has a surface area of about 176 Km2; its
geometry is sub-rectangular and slightly elongated along the east-west axis. Water depth
increases abruptly away from the coast, reaching a maximum value of about 167 m (Fig. 2).
    Weather in the region is similar to that of the Chilean coast with Mediterranean influence,
characterized by an average annual rain above 1,000 mm. Mean monthly temperatures vary
from 7º C during winter, up to 16º C in summer time. The wind is mainly from the west,
although in some places, near the Andes Mountains, strong winds from the east occur
frequently. These are called Puelche, which in the local native language means east. About
three to four Puelche events typically occur during the summer in Lake Villarrica, when the
water column has a strong thermal stratification. During Puelche events, wind reaches high
intensities and the weather is warm and dry.



Fig. 1 Location of Lake Villarrica.

Fig. 2 Bathymetry of Lake Villarrica.

    There is evidence about similar phenomena in some other places both in Chile and around
the world. Well known among several other examples is the Foehn in the Sweden Alps.
Indeed, this name has been used to generally refer to this kind of episodic strong winds
around the world. It is known that some kind of Foehn wind occurs at the Rocky Mountains in
the United States. In Chile, there is evidence of a similar wind near the city of La Serena,
which is known as Terral, and of another one near Santiago called Raco (Rutllant and
Garreaud, 2004).
    The main goal of this study was to find out and simulate the response to the meteorological
forcing created by Puelche events of the thermo-hydrodynamics and phytoplankton in Lake
Villarrica. With this aim, a field study and numerical simulations using the software CE-
QUAL-W2 (Cole and Wells, 2003) were conducted. This software was selected due to its
ability to solve the laterally averaged equations of motion and mass transport in water bodies
such as lakes, linking them with a model for the dynamics of biochemical parameters
including nutrients and phytoplankton biomass. Three groups of algae, most commonly found
in Lake Villarrica were included in the model: diatoms and green and blue-green algae
(Campos et al., 1983). These three groups are considered enough to accurately represent the
dynamics of total phytoplankton within this lake. Chlorophyll-a associated with these algae



was used as the main control parameter. Numerical simulations were carried out for the
period of time extending from December 2003 to April 2004. During this same time span an
automatic meteorological station was installed in the town of Pucón, by the east side of the
lake (Fig. 2), to complement meteorological data of an existing station. A month long
campaign during February 2004 was also conducted to measure temperature profiles and
other parameters at a station within the lake with intervals of about two days.

2. FIELD CAMPAIGN
    The meteorological station installed by Lake Villarrica for the purposes of this study
captured averaged data of wind, air temperature, relative humidity, and net radiation at
intervals of 30 min. Fig. 3 shows the data obtained for wind speed and direction, air
temperature and relative humidity in the period of December 2003 to April 2004. During this
time span, three episodes of Puelche wind were observed (see vertical dashed lines in Fig. 3),
between February 3rd and 6th, February 19th and 21st, and between March 10th and 11th.
The basic characteristics in all of these wind events were the direction from the east and their
high speed (vmax=13 m/s), in addition to an abnormally warm condition (Tmax=35ºC) and an
abrupt reduction in the relative humidity to about 10%.
    A total of 14 vertical profiles of temperature and conductivity were taken during February
2004 with a multiparameter sensor (Seacat SBE 19-03), at intervals of about two days, at a
measuring station located 1 Km to the west of Pucón. This information was complemented
with surface temperature data, measured at intervals of one day, in a zone called La Poza
nearby Pucón. Inflow and outflow discharge data, as well as precipitation and evaporation are
measured at a daily basis by the Department of Waters of the Chilean Ministry of Public
Works. Water quality data in the lake and in the inflows are measured at a seasonal level by
the same agency.

Fig. 3 Meteorological data taken by the automatic station installed in the town of Pucón.



3. CE-QUAL-W2 MODEL
    The two-dimensional, laterally averaged, hydrodynamic and water quality model CE-
QUAL-W2 was developed by the U.S. Army Corp of Engineers Waterways Experiment
Station (USACE-WES) (Cole and Wells, 2003). Reynolds averaged momentum and mass
transport equations are solved numerically using an explicit finite differences scheme.
Turbulent diffusion is modeled using an algebraic closure for eddy viscosity, which can be
selected by the user from different alternative formulations. The closure W2N  (Cole and
Buchak, 1995; Rodi, 1993) was used in the present analysis, which takes into account
buoyancy effects derived from density stratification of the water column. Computed values of
the eddy viscosity were satisfactorily compared against the models of Ward (1977) and
Romero et al. (1998). Predictions of vertical transport using this closure were further
validated using the temperature data measured in Lake Villarrica as is discussed in the next
section.
    In the water quality model, phytoplankton dynamics is determined using:
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where Sa is the net algal growth rate, af  the algal concentration, Kag the algal growth rate, Kar

the algal dark respiration rate, Kae the algal excretion rate, Kam the algal mortality rate, wa the
algal settling rate, and z a vertical coordinate. The values of all parameters are set according to
standards for each algae group and are limited mainly by temperature, solar irradiation, and
availability of nutrients.
    The dynamics of main nutrients (nitrogen and phosphorous) is represented by modeling of
the following processes: assimilation of NO3, NH4 y PO4 by algae, liberation of inorganic
nutrients, nitrification, denitrification, settling of organic particles, mineralization,
resuspension and flow of nutrients (mainly PO4 and NH4) from the bottom sediments.
    The dynamics of dissolved oxygen (DO) in the water column is determined by modeling
the processes of: gas exchange at the air-water interface, consumption of DO in the sediments,
consumption and production of DO by phytoplankton and use of DO in the nitrification
process.
    The input data of the model can be divided into four categories:

o  Spatial and bathymetric characteristics of the water body defined through the mesh of
finite differences adopted.

o Boundary conditions described by the time variable forcing given by the meteorological
and hydrologic data collected and water quality of inflows to the lake.

o Initial conditions of state variables.
o Values of kinetic and hydrodynamic parameters that characterize the physical, chemical

and biological processes in the lake.

4. RESULTS OF NUMERICAL SIMULATIONS
    Results of the numerical simulations of the response of the thermo-hydrodynamics of the
lake to meteorological and hydrological forcing during December 2003 and April 2004 are
presented in detail in Meruane (2005). Validation of the results obtained is presented in Fig. 4,
which shows a comparison between measured and simulated values of water temperature in
Lake Villarrica during the period of analysis. Good agreement is observed for both time series
of surface temperature and vertical profiles of temperature at different times. Summer thermal
stratification is accurately reproduced by the model, which validates the eddy viscosity model
used in the computation.



    Computed time series of nutrients concentration at two different vertical positions in the
water column are compared with equivalent measurements taken at 4 different days during the
period of analysis. A reasonable agreement is found even though the available data does not
have the required time resolution to make a more thorough comparison. The results of the
simulation of nutrient concentration are considered satisfactory taken into account the
intrinsic uncertainty associated with the kind of biochemical model used in the analysis.

Fig. 4 Comparison between modeled and measured temperatures in the lake.

Fig. 5 Phosphorous (PO4) and total nitrogen modeled and measured at depths of 15 and 30 m.



    Fig. 6 shows results of the numerical simulations averaged over horizontal planes within
the lake. Horizontally averaged, vertical profiles of temperature, DO, total nitrogen, PO4, and
chorophyll-a are plotted as a function of time during the period of simulation. Vertical dashed
lines indicate the occurrence of Puelche events. It is observed that by mid-December the
nutrient input by the main inflow is transported by an intermediate density current towards the
seasonal thermocline, product of the lower temperature of the inflow (12º C) with respect to
the temperature of the surface layer of the lake (about 20º C).  This is translated into an
increase in the phosphorous concentration in the intermediate layer, and a decrease of this
concentration in the surface layer due the presence of algae (Fig. 6d).  Total nitrogen,
however, increases in the surface layer because of the presence of algae (Fig. 6c). In January,
the maximum concentration of algae is located approximately at a depth of 15 m (Fig. 6e),
since phosphorous has been exhausted at the surface. This effect, added to the poor light
conditions below the depth of 15 m and the advancement of the summer season, determines
that the growth of algae is limited although phosphorous exists in excess in this region. By the
end of January, temperature and irradiance decrease creates conditions for the continuous
reduction in the concentration of phytoplankton biomass during the late part of the summer.
Nevertheless, the model predicts that Puelche episodes during February and March helps
increasing the surface concentration of phosphorous, which creates conditions to generate
algal blooms after each one of the events (Figs. 6e and 7).

Fig. 6 Simulated time series of vertical profiles of physical and biochemical parameters.

   Indeed, it is concluded from results of the thermo-hydrodynamic model that strong mixing
takes place in the surface layer due to Puelche winds. Surface temperature decreases in about



2º C after each Puelche event, due to mixing of the upper water column of the lake and
evaporation experienced at the surface (Fig. 6a). The thermocline rises in the upwind end of
the lake, defining conditions close to upwelling, reaching maximum elevation one day after
the peak wind speed is observed. The model predicts a "mode 2" response of the stratification
in all three Puelche events (Lake number < 1 and Wedderburn number < 0.5, Imberger and
Patterson, 1990), in agreement with observations made during February 2004 in the lake
(Meruane, 2005).

Fig. 7 Time series of phosphorous and chlorophyll-a at the surface of the lake.

    To further analyze the sensitivity of the phytoplankton response to Puelche events, a new
simulation was carried out, in which the meteorological conditions prevailing during the
episodes of Puelche were replaced by equivalent conditions registered in the week previous to
each event. Fig. 8 shows the results obtained from this new simulation, in the same format as
Fig. 6 to facilitate direct comparison with previous results with presence of Puelche.  As the
main forcing for mixing during the summer no longer exists, the simulations without Puelche
show that in February the phosphorous stays concentrated at the thermocline (Fig. 8d), while
the algae grow only at a depth of about 15 m (Fig. 8e). It is found that the average
phosphorous concentration in the top 60 m of the lake increases in about 7% in the months of
February-March, with respect to the conditions with presence of Puelche, which is associated
with a 45% reduction of the average concentration of chlorophyll-a in the first 20 ms of depth
in the same period (Table 1).
    The effect of increased productivity due to Puelche events is greater at the surface of the
lake. Fig. 9 shows results of the simulations, with and without Puelche, for surface
phosphorous and chlorophyll-a. The effect of Puelche in increasing the surface concentration
of PO4 is evident, which explains the occurrence of algal blooms (increased values of
chlorophyll-a) at the surface during February. In absence of Puelche, due to the lack of
nutrients and increasing limiting factors associated with lower temperature and irradiation,
surface phytoplankton simply decrease monotonically in the late summer.
    It must be noted that validation of numerical results regarding phytoplankton dynamics has
not been possible due to a lack of field data with the adequate time resolution. This opens the
interest for further research including extensive field observation of phytoplankton response
after Puelche events.

Table 1: Average concentration of phosphorous and chlorophyll-a in the surface layer of the
lake, in normal conditions and without Puelche, February-March, 2004.

Parameter With Puelche [mg/m3] Without Puelche [mg/m3] Reduction [%]
Phosphorous 11.8 12.6 -7
Chlorophyll-a 2.5 1.4 45



Figure 8: Simulated physical and biochemical parameters in absence of Puelche wind.

Fig. 9 Phosphorous and phytoplankton at the surface of the lake, with and without Puelche.



5. CONCLUSIONS
    The episodic presence of strong winds coming from the east  in Lake Villarrica, forces an
important mixing of the upper water column during the summer, which generates a change in
the thermal structure of the lake and in the vertical distribution of nutrients. In particular,
vertical transport of phosphorous is increased due to wind mixing, which pushes this nutrient
to the surface from the thermocline, where is trapped by density currents created by cold
inflows during the summer. This causes a better distribution of phosphorous across the
surface layer, improving the conditions for the growth of phytoplankton biomass in the lake.
This effect has a greater impact during late summer, when, in absence of this meteorological
phenomenon, productivity in the lake would be naturally declining. Lake Villarrica appears
then to be more vulnerable to eutrophication than nearby lakes not affected by these winds.
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