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Abstract1

Lake Villarrica is located in south central Chile on a valley at the foot of the Andes2

Mountains. In this region strong down valley winds are usually observed, locally3

called Puelche events. During these events the weather is warm and dry leading to4

fohen-like conditions. Three to six Puelche events typically occur during summer5

time, when the lake has a strong thermal stratification. In the present paper, results6

of a field study and numerical simulations of the thermo-hydrodynamic response of7

the lake to the forcing induced by Puelche events are reported and impacts on8

the lake biochemistry are discussed. The simulations were conducted using CE-9

QUAL-W2, a two-dimensional, laterally averaged, hydrodynamics and biochemistry10

model. Observations and model results indicate that strong mixing takes place in11

the surface layer of Lake Villarrica due to Puelche winds. During these episodes,12

the thermocline rises in the upwind end of the lake, defining conditions close to13

upwelling and a mode 2 response of the stratification is noted. After these episodes,14

the thermocline deepens about 10 to 15 m, with a subsequent seiching motion that15

oscillates with a period of about one day. Results from the biochemistry model16

suggest that Puelche induced mixing in the upper layer would increase productivity17

in the lake, particularly at the end of the summer season, when phytoplankton18

biomass would otherwise be naturally declining.19
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1 Introduction22

Lake Villarrica is the largest of Araucanian lakes in south central Chile (39o
23

18’ S, 72o 05’ W) (Campos, 1984). It is located on a valley at the foot of the24

Andes Mountains at an altitude of 230 meters above sea level (Fig. 1). The25

lake was created as the valley was closed due to glacial retreat at the end of the26

last ice age. It has a surface area of about 176 Km2; its geometry is rectangular27

and elongated along the east-west axis. Water depth increases abruptly away28

from the coast, reaching a maximum value of about 167 m (Fig. 2). The lake29

is monomictic, with vertical mixing during winter (Campos et al., 1983).30

In the last decades Lake Villarrica area has become one of the most important31

centers for outdoors tourism in Chile. This, added to changes in land use as a32

result of the region’s development, has altered the natural regime of the lake,33

shifting its trophic condition from an oligotrophic to a mesotrophic state in34

only a few years (Campos et al., 1987). At present, the lake is regarded by35

some to be already in an eutrophic state, at least in some areas (Brown and36

Zimmermann, 2000). Because of this, authorities, environmental groups, and37

the local community agree on the need to develop management strategies to38

slow down the eutrophication process and to maintain the lake clean.39

The climate of the region has been classified as temperate rainy (Fuenzalida,40

1971), with mean annual rainfall above 1000 mm and mean monthly temper-41

atures from 7oC during winter up to 16oC during summer. Consistent with42

its location at midlatitudes, the prevailing large-scale, low-tropospheric winds43

over the region are from the WSW. Near the surface, the westerly component44

is enhanced during summer, as vigorous plain-mountain circulations develop45
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during afternoon. On occasions, however, strong winds flow down the Andean46

slopes (i.e., easterly winds) affecting the foothills, including the Villarrica area.47

These events are locally known as Puelche, which in the local native language48

means from the East. During Puelche events, wind reaches high intensities and49

the weather is warm and dry, leading to foehn-like conditions (Miller, 1976).50

About three to six Puelche events typically occur during summer in Lake Vil-51

larrica, when the water column has a strong thermal stratification. Questions52

arise regarding the effect that these strong winds have on the hydrodynamics53

of the lake and ultimately on water quality issues.54

The main goal of the study reported here was to simulate and understand55

the thermo-hydrodynamic response of Lake Villarrica to the meteorological56

forcing created by Puelche events. A secondary objective was to assess the57

associated effects on the biochemistry of the lake. With these aims, a field58

study and numerical simulations using the two-dimensional model CE-QUAL-59

W2 (Cole and Wells, 2003) were conducted. This public domain software was60

selected due to its ability to solve the flow and mass transport dynamics in61

stratified water bodies, determined by laterally averaged equations, linking62

them with a biochemical model that simulates the dynamics of nutrients and63

phytoplankton biomass.64

This study might also help to understand the behavior of other lakes affected65

by strong foehn-like winds, particularly those of the lake district in Chile,66

most of them situated at locations near Lake Villarrica, at the foot of the67

Andes Mountains. Because of this, some attention is given to characterize the68

atmospheric conditions associated with Puelche winds and to show that they69

are related with regional patterns that affect the south central Chile during70

the summer season.71
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The paper is organized as follows. In section 2, some concepts regarding the72

effect of strong winds on thermally stratified lakes and the use numerical mod-73

els to simulate their hydrodynamics are reviewed. Section 3 describes the field74

study. An analysis of the regional and synoptic conditions during Puelche75

events is presented in section 4, while section 5 presents an analysis of lake76

temperature data measured during Puelche winds. Section 6 presents some77

details of the numerical model used in this study. Results of the simulations of78

the lake thermo-hydrodynamic during Puelche events are presented in section79

7, while in section 8 the possible impact of Puelche winds on the lake bio-80

chemical response is discussed, based on results of the numerical simulations81

conducted. Finally, the integrated results of the field study and numerical82

simulations are summarized in section 9.83

2 Background84

Strong winds can force a marked hydrodynamic response of lakes, particularly85

when they exhibit a degree of thermal stratification, as is usually the case86

during the summer at mid-latitudes. Such stratification can be generally char-87

acterized by a three-layer system: epilimnion, metalimnion and hypolimnion88

(Imberger, 1985; Imberger and Patterson, 1990). The wind blowing over the89

lake imparts both momentum and turbulent kinetic energy (TKE) to the sur-90

face layer (Hodges et al., 2000). The moving surface water is arrested at the91

boundaries of the lake causing a downward displacement of the thermal struc-92

ture at the downwind end and a corresponding upward displacement at the93

upwind end (e.g., Wedderburn, 1912; Spigel and Imberger, 1980). To describe94

the dynamics of the wind-mixed layer in stratified lakes, Imberger and Ham-95
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blin (1982) introduced the Wedderburn number:96

W =
g′h2

u2
∗L

(1)97

where g′ = ∆ρ/ρ0 denotes the buoyancy modified gravitational acceleration98

across the base of the surface layer, ∆ρ is the density contrast between layers,99

ρ0 is a reference density, h denotes the thickness of the surface layer, L is the100

wind fetch, and u∗ is the water shear velocity induced by the wind. When W <101

1, field observations (Imberger, 1985), as well as scaling arguments (Spiegel102

and Imberger, 1980) and experimental studies (Monismith, 1986; Stevens and103

Imberger, 1996; Niño et. al., 2003), have shown that the upper most density104

interface surfaces at the upwind end and metalimnetic water is vented into105

the surface layer. If the momentum imparted by the wind is large enough,106

even deep water resident in the hypolimnion may upwell at the upwind end.107

Imberger and Patterson (1990) extended the ideas underlying the Wedderburn108

number to define the Lake number:109

LN =
gSt(1− zt/zm)

ρ0u2
∗A

3/2
0 (1− zg/zm)

(2)110

where A0 is the lake surface area, zT , zg and zm are the height of the ther-111

mocline, center of mass, and center of volume measured with respect to the112

bottom of the lake, respectively, and St is the Schmidt stability parameter,113

given by:114

St =

zm∫
0

(z − zg)A(z)ρ(z)dz (3)115

where A(z) and ρ(z) are the vertical distributions of horizontal area and den-116

sity, respectively. A high wind stress leads to upwelling and LN < 1; then, cold117

deep water from the hypolimnion reaches the surface during the wind episode.118
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Monismith’s (1985) analysis of a three-layer stratified basin has shown the ex-119

istence of two possible modes of response of the stratification to surface shear.120

A mode 2 response leads to the existence of large shear at the base of the sur-121

face layer, with an associated strong tilt of the upper interface while the lower122

interface remains essentially horizontal. This type of response concentrates the123

shear and thus the induced turbulence in the surface layer. A mode 1 response,124

on the other hand, introduces motion and active turbulence throughout the125

water column, with comparable tilting of both upper and lower interfaces. By126

combining the inferences from the magnitudes of W and LN , Imberger and127

Patterson (1990) showed that if W < 1, but LN > 1 only the surface layer128

responds to wind stress and mode 2 or higher vertical mode oscillations occur129

(Munnich, et al. 1992; Stevens and Imberger, 1996). When W and LN are130

both small (< 1) the lake as a whole responds in mode 1 and vertical mixing131

is expected to occur throughout the lake.132

Analysis of lake hydrodynamics must include not only wind effects but also133

heat exchange with the atmosphere, and heat and momentum transport within134

the lake. Instead of 2 o 3 layers models, a common practice is to use numerical135

models capable of resolving the vertical structure of the lake at a much higher136

resolution. These models range from one-dimensional (Yeates and Imberger,137

2003), which are not capable of simulating the strong surface and internal se-138

iches observed in some lakes, to three-dimensional models (Hogdes, et al., 2000;139

Romero et al., 2004), which are capable of reproducing those motions and other140

complex three-dimensional aspects of lake hydrodynamic. Higher dimensional-141

ity, however, also means a higher demand on field data for validation purposes.142

In this study CE-QUAL-W2 was applied, which is a two-dimensional, longitu-143

dinal/vertical, hydrodynamic and water quality model (Cole and Wells, 2003)144
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that represents a simpler alternative to the use of a full three-dimensional145

model. The model has been applied to rivers, lakes, reservoirs, estuaries, and146

combinations thereof (Bartholow et al., 2001; Flowers et al., 2001; Ahlfeld et147

al., 2003) including the case of a large natural lake where rotation is important148

(Boegman et al., 2001).149

3 Field study150

An automatic weather station (Campbell Scientific) was installed in the vicin-151

ity of Lake Villarrica (2 Km to the east of the town of Pucón, Point C in152

Fig. 2), recording averaged data of wind, air temperature, relative humidity,153

and net radiation, at intervals of 30 min, from December 2003 to April 2004.154

Additionally, large-scale atmospheric circulation was characterized using Na-155

tional Centers for Environmental Prediction-National Center for Atmospheric156

Research (NCEP-NCAR) reanalysis fields, described in detail in Kalnay et157

al. (1996). Specifically, mandatory pressure-level fields, with 12-h resolution158

on a 2.5o×2.5o latitude-longitude grid (about 280 Km grid spacing at these159

latitudes) were used.160

To determine the response of the thermal structure of the lake to the meteoro-161

logical forcing, a total of 14 vertical profiles of temperature and conductivity162

(up to 120 meters of depth) were taken during February 2004, at 11:00 a.m.163

local time (LT), with a multiparameter sensor (Seacat SBE 19-03). These mea-164

surements were made at intervals of about two days, at an in-lake measuring165

station located 4 Km to the west of Pucón (Point A in Fig. 2).166

This information was complemented with daily lake surface temperature and167
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water level data, in a zone located nearby Pucón (Point B in Fig. 2). Inflow168

and outflow discharge data, as well as air temperature, relative humidity, pre-169

cipitation and evaporation are measured at a daily basis by the Department170

of Waters of the Chilean Ministry of Public Works.171

Water quality data (phosphorous, nitrogen, chlorophyll-a, among others) in172

the lake and in the inflows are measured at a seasonal level by the same173

agency. Data are, in general, available from 1987 to 2005. A few additional174

water quality measurements were taken during the field study, in the month175

of February 2004 (Point A in Fig. 2).176

4 Analysis of Puelche wind177

Because Lake Villarrica is laterally confined by mountains, the wind direction178

is predominantly zonal (that is, east-west), and therefore we only analyze that179

wind component. Note that easterly wind over Villarrica area comes from the180

Andes and hence corresponds to a down valley wind.181

Figure 3 shows the zonal wind component (where negative values indicate182

down valley flow), air temperature and relative humidity from December 2003183

to April 2004. During this period, three Puelche wind episodes can be recog-184

nized (see gray shaded areas in Fig. 3), February 3rd - 6th, February 19th - 21st,185

and March 10th - 11th. The basic characteristics of all of these wind events are186

the sustained easterly direction and high speeds (maximum value observed =187

13 m/s), in addition to an abnormally warm condition (maximum temperature188

observed = 35oC) and an abrupt reduction in the relative humidity to about189

10%. During these events the daily cycle of wind and temperature is modified,190
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with the highest temperatures and wind speed occurring in the morning, in191

contrast with the afternoon peaks observed under normal conditions.192

While the Puelche events are defined on the basis of local conditions, their193

occurrence takes place under well defined large-scale meteorological patterns194

(e.g., Charpentier, 2005). These conditions are encapsulated in Fig. 4a by195

the map of sea level pressure (SLP) and 500 hPa geopotential height valid196

at 1200 UTC February 5th (first Puelche event). Similar configurations are197

observed on other Puelche days. For comparison, Fig. 4b shows the same198

fields but averaged during the austral summer. During the Puelche event the199

semi-permanent surface anticyclone over the SE Pacific is intensified and its200

center is displaced well into midlatitudes, in response to the passage of a201

ridge at middle levels. The pronounced, southward pointing surface pressure202

gradient along the Chilean coast forces strong easterly wind off south-central203

Chile. Near the Andes, the easterly flow is channeled in valleys and canyons.204

Furthermore, enhanced subsidence over the very steep slopes of the subtropical205

Andes is required to satisfy mass continuity, leading to adiabatic warming and206

the drop of pressure in central Chile, which in turn increase the along-coast207

pressure gradient. A more detailed description of a very similar phenomenon208

over central Chile (the so-called Raco winds near Santiago) is presented in209

Rutllant and Garreaud (2004).210

5 Analysis of lake temperature data211

Figure 5 shows the temperature data, measured in the lake during February212

2004. In spite of the increase of air temperature, surface temperature decreases213

about 2oC during the Puelche events. This could be associated with the mix-214
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ing of the upper water column of the lake and the enhanced evaporation215

experienced at the surface (Fig. 5b). For conditions without Puelche, during216

January-February, the thermocline stays at a depth of 18 to 25 m, whereas217

during Puelche episodes, it is displaced upwards to a depth of about 5 m near218

the upwind end of the lake, where the measurements were taken. In addition,219

after each Puelche event the thermocline deepens in 10 m approximately, with220

respect to the position it had before the episode (Fig 5c). A three-layer strat-221

ification is observed, such that during Puelche events the interface between222

the surface layer and the intermediate layer (thermocline) rises at the upwind223

end of the lake (in Pucón), while the second, deeper, interface, remains almost224

invariant (Fig 5c), revealing a mode 2 response of the lake.225

The Wedderburn number, W , was generally larger than 1 during the period226

of observation, except during Puelche winds. Indeed, values of W lower than227

1 are found for the wind events registered on February 5th (W = 0.4) and228

February 19th (W = 0.2) (see Fig. 6a). This evidence and the temperature229

measurements of Fig. 5 indicate that Puelche winds are strong enough as to230

induce upwelling in Lake Villarrica. In addition, the lake exhibits a 3-layer231

mode 2 response, as discussed previously, which is consistent with the values232

of the Lake number estimated during the strong wind events. Values of this233

parameter do not go below a value of about 2 in any of the Puelche events234

observed; that is, they do not reach the critical value of 1 that would set a235

mode 1 response of the lake (Fig. 6b). This suggests that mixing processes in236

Lake Villarrica are mainly confined within the surface layer.237
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6 Numerical Study238

The model CE-QUAL-W2 was developed by the U.S. Army Corp of Engineers239

Waterways Experiment Station (USACE-WES). It considers six laterally av-240

eraged governing equations, which correspond to the horizontal momentum241

equation, the mass or heat transport equation, the water surface elevation242

equation, the hydrostatic-pressure equation, the continuity equation, and the243

equation of state for water density (Cole and Wells, 2003). The six unknowns244

are water-surface elevation, pressure, horizontal velocity, vertical velocity, con-245

centration or temperature, and density.246

The equations and unknowns are solved using a first-order, upwind, finite-247

difference scheme, applied to a fixed grid of variable node spacing. A z level248

vertical coordinate system is used. Turbulent diffusion is modeled using an249

algebraic closure for eddy viscosity, which can be selected by the user from250

different alternative formulations. The closure W2N (Rodi, 1993; Cole and251

Buchak, 1995) was used in the present analysis, which takes into account252

buoyancy effects derived from density stratification of the water column:253

Kz = κ
l2m
2

√
(
∂u

∂z
)2 + (

τwye−kz + τytrib

ρKz

)2e−CRio (4)254

lm = H[0.14− 0.18(1− z

H
)2 − 0.06(1− z

H
)4] (5)255

where κ denotes the von Karman constant, lm is the mixing length, k is the256

wave number, u is the horizontal velocity, z is the vertical coordinate, τwy and257

τytrib are shear-stresses in y direction due wind and inflows, respectively; ρ is258

water density, C is a constant (assumed equal to 0.15), Rio = WL/h is the259

Richardson number and H is the total depth.260
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Water densities are calculated on the basis of water temperature and solids261

concentration. Surface heat exchange is calculated using an explicit term-262

by-term process from incident shortwave radiation, wind speed, air tempera-263

ture, dew-point temperature, cloud cover, and water-surface temperature. The264

model was forced using the atmospheric data measured with the meteorolog-265

ical station installed in the lake vicinity.266

The horizontal grid spacing (∆x) adopted in the present study was 900 m,267

while the vertical grid spacing (∆z) was 0.5 m, up to 80 m of depth, and of268

2 m for the following 87 m of depth. The time step (∆t) is calculated by the269

numerical algorithm, according to the stability condition:270

∆t < ∆z2Kz (6)271

In the water quality model, phytoplankton dynamics is determined using:272

Sa = (Kag −Kar −Kae −Kam)φa − wa
∂φa

∂z
(7)273

where Sa is the net algal growth rate, φa the algal concentration, Kag the274

algal growth rate, Kar the algal dark respiration rate, Kae the algal excretion275

rate, Kam the algal mortality rate, wa the algal settling rate. Values of all276

parameters are set according to standards for each algae group considered in277

the simulation and are limited mainly by temperature, solar irradiation, and278

availability of nutrients, particularly phosphorous and nitrogen.279
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7 Simulated thermo-hydrodynamics280

A comparison between measured and simulated values of water temperature281

in Lake Villarrica during December 2003 to April 2004 is presented in Fig. 7.282

Good agreement is observed for both time series of surface temperature (Fig.283

7a) and vertical profiles of temperature at different times (Fig. 7 b y c). The284

summer thermal stratification is accurately reproduced by CE-QUAL-W2,285

which validates also the eddy viscosity model used in the computation.286

Furthermore, the eddy viscosity coefficient, Kz, estimated from the simula-287

tions carried out in this study using the W2N model (Rodi, 1993; Cole and288

Buchak, 1995), shows a sharp increase during Puelche events, indicative of289

enhanced turbulent diffusion in the water column during those events (Fig.290

8). Besides, predicted values of Kz are within the range predicted by other em-291

pirical formulations, such as those of Ward (1977), and Romero et al. (1998).292

Given the accuracy of the predictions of the temperature structure of the lake293

obtained with W2N, it is apparent that the use of such algebraic model rep-294

resents an advantage, from the point of view of computational and numerical295

requirements, with respect to more complex turbulent closures.296

Model results of the lake thermo-hydrodynamics indicate that Puelche winds297

lead to strong mixing at the surface layer, in agreement with the field observa-298

tions. The simulations show that the surface temperature decreases in about299

2oC during the Puelche events and that the thermocline rises in the upwind300

end of the lake, defining conditions close to upwelling, reaching a maximum301

elevation one day after the peak of wind speed. The model predicts a mode302

2 response of the stratification in all three Puelche events (LN > 1 and W <303
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0.5), in agreement with observations made during February 2004 in the lake.304

The simulation predicts a deepening of the thermocline of about 15 m after305

each Puelche episode, and a subsequent seiching motion, oscillating with a306

period of one day approximately (Fig. 9). This value of the seiching period307

under normal wind conditions coincides well with the theoretical estimation308

(Spiegel and Imberger, 1980) of 25 hours, based on the internal wave celerity309

of a two-layer stratified lake, given the fetch of Lake Villarrica, the location of310

the thermocline and the density contrast between surface and bottom layers311

obtained from the measured temperature profiles.312

The mixing efficiency (Tseng and Ferziger, 2001):313

η =
∆RPE

∆KE
(8)314

where ∆RPE denotes the change in the reference potential energy and ∆KE315

is the kinetic energy input at the surface obtained by integrating the product of316

shear stress and velocity at the surface, was calculated by spatially averaging317

the profiles of temperature predicted by the numerical model. Results obtained318

show that η increases sharply after each Puelche event, reaching a maximum319

of about 12% in the second of the Puelche episodes registered in the period320

of observation (Fig 10). Even though this event was not the one with the321

highest wind magnitude, the daily maximum wind speed remained over 10322

m/s during the three days that the event lasted. Simulations predict that323

the maximum efficiency is reached one day after the episode of strong wind324

ends. Indeed, as mixing continues developing once the episode of strong wind325

has finished, the potential energy of the lake continues increasing while the326

kinetic energy transferred by the wind is much lower than during the event327

itself. The calculated values of the mixing efficiency in the lake agree well328
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with experimental observations of mixing induced by wind in stratified water329

bodies (Niño et al., 2003).330

8 Possible impact of Puelche on biochemical response331

There is a strong connection between the hydrodynamics and biochemistry332

of lakes, as the physics of these systems constitutes a forcing to the chemical333

and biological process that take place in the water column and that determine334

its environmental quality (Wetzel, 1981; Spigel and Imberger, 1987). Then, it335

is expected that the strong vertical mixing taking place in the surface layer336

of Lake Villarica during Puelche events might affect the biochemical param-337

eters within this layer. Unfortunately, no measurements of such response are338

available. It is argued here that this impact could be preliminarily quanti-339

fied, by means of numerical simulations, using the module for the dynamics340

of biochemical parameters of CE-QUAL-W2.341

Three groups of algae, most commonly found in Lake Villarrica, were included342

in the model: diatoms and green and blue-green algae (Campos et al., 1983).343

The growth of these three groups in Lake Villarica, is limited mainly by the344

availability of phosphorous (Campos et al., 1983). Chlorophyll-a associated345

with these algae was used as the main control parameter. Numerical simula-346

tions were carried out for the period of time extending from December 2003347

to April 2004.348

Simulated time series of nutrients concentration at two different vertical posi-349

tions in the water column are compared with equivalent measurements taken350

at 4 different days during the period of analysis (Fig. 11). Results of the351
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simulation of nutrient concentration are considered satisfactory, although the352

available data do not have the required time resolution to validate them more353

thoroughly, considering the intrinsic uncertainty associated with both the field354

measurements and the values adopted for the set of parameters required by355

the biochemical model used in the analysis.356

To further analyze the sensitivity of the phytoplankton response to Puelche357

events, a new simulation was carried out, in which the meteorological condi-358

tions prevailing during the episodes of Puelche were replaced by conditions359

registered in the week previous to each event.360

Figure 12 shows results of the simulations, with and without Puelche, for sur-361

face phosphorous and chlorophyll-a. It is predicted that by mid-December, at362

the beginning of the austral summer, there is a high concentration of phospho-363

rous provided by the inflows in the surface layer of the lake, which generates364

an algal bloom that lasts for about a month (in agreement with observations365

by Campos et al., 1983), after which the phosphorous is almost exhausted in366

this layer. By the end of January, temperature and irradiance decrease creates367

conditions for the continuous reduction in the concentration of phytoplankton368

biomass during the late part of the summer, and the incoming phosphorous369

remains trapped at the level of the thermocline by density currents created370

by cold inflows. Nevertheless, the model predicts that Puelche episodes during371

February and March help increasing the surface concentration of phosphorous372

(Fig. 12a), as a consequence of mixing, which creates conditions that trigger373

algal blooms after each one of these events (Fig. 12b). In absence of Puelche,374

the simulations show that in February the phosphorous stays concentrated375

at the thermocline, as the main forcing for mixing during the summer no376

longer exists. At the surface, phytoplankton simply decreases monotonically377
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in the late summer, due to the lack of nutrients and increasing limiting factors378

associated with lower temperature and irradiation.379

9 Conclusions380

During the summer Lake Villarrica area in south central Chile experience381

frequent (1-2 per month) occurrence of strong (10-15 m/s) winds events flowing382

down from the Andes Mountains. This so-called Puelche events lasts from 1383

to 3 days and brings abnormally warm and dry conditions (foehn-like). These384

events force an important mixing of the upper water column of the lake, which385

generates a change in the thermal structure of the lake and in the vertical386

distribution of nutrients.387

Results from a field study and thermo-hydrodynamics simulations indicate388

that strong mixing takes place in the surface layer of Lake Villarrica due389

to Puelche winds. In spite of the marked increase of air temperature, water390

surface temperature decreases about 2oC during each Puelche event, due to391

mixing of the upper water column of the lake and the enhanced evaporation392

experienced at the surface. The thermocline rises in the upwind end of the393

lake, defining conditions close to upwelling, reaching maximum elevation one394

day after the peak wind speed. A three-layer stratification is observed, such395

that during Puelche events the interface between the surface layer and the in-396

termediate layer (thermocline) rises at the upwind end of the lake (in Pucón),397

while the second, deeper, interface remains almost invariant. Thus, these re-398

sults suggest a mode 2 response of the stratification in all three Pueche events,399

consistent with the dimensionless numbers obtained from field and simulated400

temperature data (LN > 1 and W < 0.5). After each Puelche episode the401
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thermocline deepens about 10 to 15 m, and a subsequent seiching motion is402

triggered, oscillating with a period of about one day.403

The mixing efficiency increases sharply after each Puelche event, reaching a404

maximum of about 12% in the second of the Puelche episodes registered in405

the observation period. Simulations predict that the maximum efficiency is406

reached one day after the episode of strong wind ends. As mixing continues407

developing once the episode of strong wind has finished, the potential energy408

of the lake continues increasing, while the kinetic energy transferred by the409

wind is much lower than during the event itself.410

Simulations of the lake biochemical dynamics indicate that vertical transport411

of phosphorous would increase due to wind mixing, which would push this412

nutrient from the thermocline (where it would be trapped by density currents413

created by cold inflows during the summer) to the surface. This would cause414

a better distribution of phosphorous across the surface layer, improving the415

conditions for the growth of phytoplankton biomass in the lake. This effect416

would have a greater impact during late summer, when, in absence of Puelche417

episodes, productivity in the lake would be naturally declining. Lake Villarrica418

appears then to be more vulnerable to eutrophication than lakes not affected419

by these strong winds. Validation of numerical results regarding phytoplankton420

dynamics with field data, is the aim of an on-going research project in Lake421

Villarrica.422
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Fig. 1. South America and location of Lake Villarica in IX region of Chile (39o 18’

S, 72o 05’ W, 230 m a.s.l.), on a valley at the foot of the Andes Mountains.
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Fig. 2. Bathymetry of Lake Villarrica (IGM, 1998). White hexagram indicates lo-

cation of the measuring stations in the lake (Points A and B) and black hexagram

indicates location of the automatic weather station (Point C).
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Fig. 3. Meteorological data taken by the automatic weather station installed near

Pucón (Point C), from December 2003 to April 2004. Data averaged at intervals of

30 min. Gray shaded areas indicate Puelche days. (a) Zonal wind speed component

(east-west), negative values indicate down valley flow. (b) Air temperature. (c)

Relative humidity.
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Fig. 4. (a) Surface level pressure (contoured every 5 hPa), surface winds (arrows,

reference vector at the bottom, in m/s) and the 5800 m geopotential height at 500

hPa (solid thick line), during the strong downslope wind day of February 5th, 2004,

at 12 UTC (8 LT). (b) Long-term mean surface level pressure (contoured every 5

hPa) and surface winds (arrows) for February. Data from NCEP-NCAR reanalysis

(1979-2005). High and low centers indicated by a letter H or L, respectively. Gray

areas indicate region under study.

28



Fig. 5. (a) Zonal wind component during February 2004. (b) Air temperature (solid

line) and surface temperature in the lake (circles with solid line) measured nearby

Pucón (Point B) at intervals of 1 day (12 LT), February 2004. Gray shaded areas

indicate Puelche days. (c) Isotherms in the lake obtained by lineal interpolation of

14 vertical temperature profiles measured nearby Pucón (Point A) during February

2004 at 11 LT (white circles indicate date of measurement). White shaded line

indicates the depth of maximum temperature gradient (thermocline).
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Fig. 6. Dimensionless numbers obtained from the vertical profiles of temperature

and conductivity measured during February 2004 nearby Pucón (circles indicate

date of measurement). Gray shaded areas indicate Puelche days. (a) Wedderburn

number. (b) Lake number.
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Fig. 7. (a) Daily surface temperature at Point B, measured (circles with solid line)

and modeled (solid line), December 2003 to March 2004. Gray shaded areas indicate

Puelche days. Vertical temperature profile at Point A, measured (black circles) and

modeled (solid line), for: (b) February 2nd at 11 LT and (c) February 23rd at 11 LT.
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Fig. 8. Vertical eddy diffusivity, modeled (white circles with solid line) and calcu-

lated using Ward’s (1977) (black circles with solid line) and Romero et al.’s (2003)

(hexagrams with dashed line) formulations. Gray shaded areas indicate Puelche

days.
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Fig. 9. Modeled thermal structure and wind speed and direction (black arrow)

during (a) before the first episode of Puelche wind (February 2nd at 0 LT), (b) third

day with Puelche wind (February 5th at 12 LT), (c) last day of Puelche wind at

dawn (February 6th at 0 LT), (d) last day of Puelche wind at noon (February 6th

at 12 LT).
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Fig. 10. (a) Zonal wind component during February to March 2004. (b) Daily mixing

efficiency modeled during February to March 2004. Gray shaded areas indicate

Puelche days.
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Fig. 11. Phosphorous concentration (PO4) modeled and measured nearby Pucón

(Point A) at a depth of (a) 15 meters and (b) 30 meters. Total nitrogen concentration

(N) modeled and measured nearby Pucón at depth of (c) 15 meters and (d) 30

meters.
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Fig. 12. (a) Time series simulated at the surface of the lake under normal conditions

(solid line) and in absence of Puelche wind (shaded line) of (a) Phosphorous (PO4)

and (b) Chlorophyll-a. December 2003 to April 2004. Gray shaded areas indicate

Puelche days.
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