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a  b  s  t  r  a  c t

Suspended  solids  play  an  ecologically  important  role  in glacier-fed  fjords,  given its dominant  effect  on
their  primary  production  arising  from  the  generation  of  turbid  water  plumes  by  retreating  glaciers,
which  increase  light  attenuation.  Glacial-lake  outburst  floods,  GLOFs,  are  sudden  releases  of  lake-water
impounded  by  a glacier  which  may  affect  either  locally  or regionally  depending  on  the  amount  of  water
and  suspended  solids  released.  Chilean  Patagonia  has  been  characterized  by  some  of  the  fastest  glacial
retreats  worldwide  and by  an increase  in GLOFs  events.  In  this  article  we  describe  the development  of
a  hydrodynamic  model  to  study  the  distribution  of  suspended  solids  in  the Baker  channel,  a glacier-fed
fjord  located  in Northern  Chilean  Patagonia.  We  further  describe  the  simulation  of  three  climate  change
induced  GLOF  scenarios  and  discuss  their potential  effects  on fjord’s  primary  production.  The  model  was

implemented  as  a two-level,  one-way,  nested  hierarchy  using  the  MOHID  water  modeling  system.  The
large extent,  oceanic,  level  corresponded  to a one-layer  barotropic  model,  while  the  smaller  extent,  fjord,
level  corresponded  to a 3D  baroclinic  model  with  31  Cartesian  layers.  Velocities,  salinity  and  suspended
solids  concentrations  were  calibrated  using  field  measurements.  Results  show  that  the most  likely  sce-
nario  is  a  decrease  in light  penetration  within  the  inner  fjord’s  area.  Only  the  most  catastrophic  scenario,
equivalent  to  a large recorded  paleo-discharge,  would  affect  outer  areas  of  the  Northern  Chilean  fjords.
. Introduction

.1. Glacial systems, fjords and climate change: the Patagonian
jords

Patagonian fjords and channels, located in southern Chile where
he Andes meets the Pacific Ocean, are characterized by a heteroge-
eous orography, highly stratified estuaries, high-flow steep rivers,
igh precipitation (annual mean between 1500 and 4500 mm)  and
y the influence of two of the largest temperate ice bodies of the
outhern hemisphere: the Northern and Southern Patagonian Ice
ields (Lopez et al., 2010). Watersheds in this region are important
ontributors of suspended solids, which, in turn, affect the light
nvironment on the fjords and consequently their primary pro-
uction (see Section 1.2). Suspended solids, also known as glacier
our, are particularly important in glacier-fed fjords such as the
aker channel in southern Chile (Prado-Fiedler, 2009; Vargas et al.,

011). Glacier flour, given its dominant effect on the primary pro-
uction of coastal waters, arising from the generation of turbid
ater plumes by retreating glaciers, has been particularly analyzed

∗ Corresponding author. Tel.: +56 2 2712978; fax: +56 2 2727363.
E-mail address: vmarin@antar.uchile.cl (V.H. Marín).

304-3800/$ – see front matter ©  2012 Elsevier B.V. All rights reserved.
ttp://dx.doi.org/10.1016/j.ecolmodel.2012.06.017
© 2012 Elsevier B.V. All rights reserved.

in relation to glacier melting and global climate change in other
regions of the planet (e.g. Zajączkowski and Wlodarska-Kowalczuk,
2007; Barron and Barron, 2005). Furthermore, transport and distri-
bution of suspended solids have been identified as key processes
in the management of estuarine coastal systems (Mitchell et al.,
2008).

Although the effects of climate change on glacier-fed river
discharges are still under discussion, some general patterns are
emerging. In a warmer climate the current melting–freezing equi-
librium of glaciers will be altered, resulting in potential overall
melting. In the long term, considering an average dynamics, this
means a rise in river discharges up to a maximum, followed by
a decrease until the glacier disappears (McCarthy et al., 2001).
However, other short-term, catastrophic, events must also be con-
sidered. Glacial-lake outburst floods, GLOFs (or ‘jokulhlaups’ in
Icelandic), are sudden releases of lake-water impounded by a
glacier, with effects from local to regional scales depending on the
amount of water released. In terms of water discharges, GLOFs  in
Iceland, Norway, Kyrgyzstan and Chile have shown peak water-
flows up to 2–6 times base-flows. If analyzed in terms of suspended

solid (SS) discharges, they show 8-fold increases in SS concentra-
tion and up to 20 times increases in SS transport. In one case study
in Iceland, a series of GLOFs, in a 20-day period, accounted for 19%
and 50% of the annual budget of both water and SS discharges

dx.doi.org/10.1016/j.ecolmodel.2012.06.017
http://www.sciencedirect.com/science/journal/03043800
http://www.elsevier.com/locate/ecolmodel
mailto:vmarin@antar.uchile.cl
dx.doi.org/10.1016/j.ecolmodel.2012.06.017


8 V.H. Marín et al. / Ecological Modelling 264 (2013) 7– 16

Table  1
Type of glacial-lake dams and outburst causes (based on Ghimire, 2005).

Dam type Outburst cause

Ice
Ice melts glacier retreats
Tunnel under ice
Over topping by glacier calving, ice fall or rock

Moraine
Piping
Over topping by glacier calving, ice fall or rock
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Fig. 1. Geographic limits of the modeling area. The larger area corresponds to the

These characteristics represent an important challenge for the
development of hydrodynamic 3D baroclinic models, since ver-
Ice-core moraine
Ice core melts resulting in piping
Over topping by glacier calving, ice fall or rock

espectively (Dussaillant et al., 2009; Old et al., 2005; Ng et al., 2007;
larke et al., 2003).

There are various kinds of GLOFs, depending on the nature of
he barrier forming the glacial-lake and how that barrier, either ice
r a moraine is surpassed, provoking the outburst (Ghimire, 2005).
or each kind of lake, a series of outburst causes exist which are
ummarized in Table 1. In the case of Patagonian Ice Fields, the
ost common type of GLOF, all of them registered in the Cachet

 Lake in the Northern Patagonian Ice Field, have corresponded to
n ice dammed glacial-lake with a tunnel acting as drainage (see
ection 2.1 for more details).

.2. Phytoplankton dynamics in the Chilean fjords: the effects of
he light environment

Light is an environmental variable that regulates the structure
nd dynamics of phytoplankton (Reynolds, 1997). Its availability
o photosynthetic cells is related to turbulence (Margalef, 1978),
hat allows them to remain in the euphotic zone above their com-
ensation depth (Huisman et al., 1999) and to its attenuation due
o dissolved substances, suspended solids and phytoplankton itself
Kirk, 1994). Glacier melting areas can be characterized by their
igh suspended solid and organic matter content (Pickard, 1971),
hich increase light attenuation and decrease local primary pro-
uction (Montecino and Pizarro, 2008; Pizarro et al., 2005).

The available literature shows that glacial melting areas within
he Chilean fjords, such as the one modeled in this article (see
ection 2.1), correspond to low primary production systems due
o their high suspended solid concentration (Aracena et al., 2011;
onzález et al., 2011; Montecino and Pizarro, 2008; Silva and
uzmán, 2006). Further away from glacial melting areas, primary
roduction seems to be regulated by other variables such as nutri-
nts and cell size (Iriarte et al., 2007; González et al., 2011; Paredes
nd Montecino, 2011).

Chilean Patagonia has been characterized by some of the fastest
lacial retreats in the world (Boyd et al., 2008; Lopez et al., 2010)
nd by an increase in GLOF events, six times in the past two  years
Casassa et al., 2010). Thus, it is imperative to analyze the poten-
ial effects that such retreats may  have on local marine ecosystems
specially in the face of global warming. In this article we describe
he development of a hydrodynamic model to study the distribu-
ion of suspended solids in a glacier-fed fjord, the Baker channel
ystem, in Northern Chilean Patagonia. We  describe the simulation
f three climate change induced GLOF scenarios and discuss their
otential effects on fjord’s primary production.

. Model development

.1. The Baker channel fjord system

The Baker channel is a glacier-fed fjord located at 48◦S in Chilean

atagonia (Figs. 1 and 2). Its main sources of fresh water are the
aker and Pascua Rivers, which have been identified as contain-

ng Chile’s remaining hydroelectric potential (Vargas et al., 2011;
ydroAysén, 2010). Their watersheds are also known for various
oceanic grid, black squares in the oceanic border represent the locations where
the  boundary condition (FES2004 tide) was  imposed. The smaller, gray, area corre-
sponds to the fjords grid.

GLOF events in the last couple of years. On the upper part of the
Baker watershed, within the Northern Patagonian Ice Field, the
Cachet 2 Lake, with an area of 4 km2, has already shown six GLOF
events in the last two  years. In this case, the Colonia glacier has
acted as an ice dam for the lake and an 8 km long tunnel as the
drainage to each flood, caused by the weakening of the ice dam
due to the long term thinning of the glacier (Casassa et al., 2010).
As an example, Fig. 3 shows a hydrograph for the last couple of
GLOF events registered during the first quarter of 2012. Thus, river
flows during a GLOF increase, under current climate, at least dou-
ble its normal value. Indeed, during the event of 2009 the flow of
the Baker River increased from 2000 m3 s−1 to nearly 6000 m3 s−1

in few hours1 (Dussaillant et al., 2009).
The bathymetry of the Baker channel goes from close to 10 m at

fjord’s head to a maximum of 1250 m in its deepest part, a small
zone within the main channel. The fjord communicates with the
open ocean through two  narrow (5 km and 3.5 km wide) deep chan-
nels (close to 250 m)  with no shallower sills. We restricted, for
modeling purposes, the maximum fjord depth to 500 m (Fig. 2).
This restriction only affected two  small zones within the modeling
area, with not consequences on the overall model performance.

2.2. The MOHID water modeling system

Fjords, from a hydrodynamic point of view, are deep highly
stratified estuaries with a shallow (5 m)  seaward surface layer.
tical resolution has to be high enough (e.g. layer widths ≤1 m)

1 Data available also at: http://www.dga.cl.

http://www.dga.cl/
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Fig. 2. Bathymetry of the fjords grid. The two  circles in the main channel repr

Fig. 3. Hydrograph of the GLOF events occurred at the Baker watershed in the
Northern Patagonian Ice Field. UWS, upper watershed station; MWS,  middle water-
s
h

t
I
r
1
G

o
(
M
i
h
M
t
m
a
t

hed station; LWS, lower watershed station. Data was  obtained from automated
ydrological stations from the Chilean Water Directorate (http://www.dga.cl).

o solve the surface layer without compromising model stability.
ndeed, there are few numerical, 3D, fjord hydrodynamic models
eported in the literature (e.g. Robins and Elliot, 2009; Nyholm et al.,
984; Leonov and Kawase, 2009; Keilegavlen and Bertnsen, 2009;
ustafsson and Bendtsen, 2007).

We have studied and modeled the hydrodynamics and ecology
f the Chilean fjords by means of MOHID water modeling system
Campuzano et al., 2008a,b; Marín et al., 2008; Tironi et al., 2010).

OHID2 is a numerical, freeware, open code system designed to
mplement three-dimensional models of aquatic ecosystems. It
as been developed and it is maintained by scientists from the
arine and Environmental Technology Center (MARETEC; Insti-

uto Superior Técnico; Lisbon Technical University, Portugal). The
odel description that follows summarizes the information avail-
ble on MOHID’s web page2. We  have included enough details for
he reader to understand the basis of our specific application.

2 http://www.mohid.com.
esent areas where bottom was changed to a maximum depth of 500 m.

MOHID includes a baroclinic hydrodynamic module for the
water column, a module for the sediments and corresponding
eulerian transport and lagrangian transport modules. The system
is composed of pre-processing (MOHID GIS) and post-processing
tools (MOHID POST, MOHID Time Series Editor, MOHID Statisti-
cal Analyzer) plus a graphical interface for the implementation of
models (MOHID GUI). Currently the system is made of more than
40 modules that can be coupled to generate vast applications from
marine ecology to oil spills (Neves et al., 2008).

The hydrodynamic module is implemented as finite volumes
(Martins et al., 2001). The module solves the three-dimensional
incompressible primitive equation assuming hydrostatic equilib-
rium and using the Boussinesq and Reynolds approximations. The
momentum balance equations for mean flow horizontal velocities,
in Cartesian form, are:

∂tu = −dx(uu) − dy(uv) − dz(uw) + f v − 1
�0

∂xp + ∂x((vH + v)∂xu)

+ ∂y((vH + v)∂yu) + ∂z((vv + v)∂z((vr + v)∂zu) (1)

∂tv = −dx(vu) − dy(vv) − dz(uw) + fu − 1
�0

∂yp + ∂x((vH + v)∂xv)

+ ∂y((vH + v)∂yv) + ∂z((vv + v)∂z((vv + v)∂zv) (2)

where u, v and w are the components of the velocity vector in the
x, y and z directions respectively, f the Coriolis parameter, vH and vv
the turbulent viscosities in the horizontal and vertical directions, v
the molecular kinematic viscosity and p is pressure. The temporal
evolution of velocities is dynamically calculated as the balance of
advective transports (first three terms on the right hand side), Cori-
olis force (fourth term), pressure gradient (next three terms) and
turbulent diffusion (last three terms).

The vertical velocity is calculated from the incompressible con-
tinuity, mass balance equation:

∂xu + ∂yv + ∂zw = 0 (3)
Water properties such as temperature, salinity, sediments and
oxygen, among others, are handled by the water properties module,
which coordinates their evolution in the water column using a eule-
rian approach. Their dynamics includes transport due to advective

http://www.dga.cl/
http://www.mohid.com/
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nd diffuse fluxes, water discharges from rivers, sedimentation of
articulate matter and internal sinks and sources.

The transport due to advective and diffusive fluxes of a given
roperty A is solved by the following equation:

tA = −∂x(vA) − ∂y(vA) − ∂x(wA) + ∂x(v′
H∂xA)

+ ∂y(v′
H∂yA) + ∂z((v′

v + v′
A)∂zA) (4)

here v′
H and v′

v are the horizontal and vertical eddy diffusivities,
′
A the molecular diffusivity and other terms as previously defined.
he first two can be calibrated in MOHID by means of dimension-
ess factors (SCHMIDT NUMBER H for horizontal diffusivity and
CHMIDT COEF V for vertical diffusivity) that change the relation-
hip between diffusivity and turbulent viscosity for each property.

Vertical viscosity is calculated by means of the general
cean turbulence model (GOTM3), GOTM module under MOHID.
he module contains the one-dimensional GOTM water column
odel designed for marine and limnological applications, con-

aining several alternatives to parameterize vertical turbulence.
e tried several schemes with similar results, to finally use the
ellor–Yamada equations.
The turbulence module handles horizontal turbulence. We  used

he Smagorinsky turbulence model, which is based on the local
erivatives and grid size according to the following formula:

L = �x�y

√(
∂u

∂x

)2

+
(

∂v
∂y

)2

+ 1
2

(
∂u

∂x
+ ∂v

∂y

)2

(5)

This formulation is translated in MOHID as:

H = Horcon × �x  × �y

√(
∂u

∂x

)2

+
(

∂v
∂y

)2

+ 1
2

(
∂u

∂x
+ ∂v

∂y

)2

(6)

here Horcon is a calibration, dimensionless, parameter. We  tested
ther two turbulence schemes (constant and estuary) available in
OHID with lower quality results.
Exchanges between water and the atmosphere are modeled

hrough the surface module, which incorporates water, heat and
xygen fluxes. In our application we included an annual precipi-
ation of 3500 mm.  Evaporation was incorporated through latent
eat fluxes by means of Dalton’s law.

.3. Sediment and light extinction modeling under MOHID

Sediments within MOHID are modeled as cohesive sediments
nd managed through three modules: water properties, bottom
nd free vertical movement. Water properties module manages
ater column advective and diffusive fluxes, as governed by Eq.

4). The bottom module is responsible for computing fluxes at the
ater–sediment interface, managing boundary conditions to both
ater column and sediment column properties. It considered both
eposition and erosion using Partheniades (1965) approach.

If the Boolean keyword “vertical movement” is set to 1 in the
ater properties module for cohesive sediments, the free verti-

al movement module is activated for this property. The later is
hen used to add a vertical movement to the vertical flow and to
ompute deposition. In our model we imposed a constant, pre-
cribed, settling velocity of 8.5 × 10−5 m s−1, for salinities ≥3 PSU

nd zero otherwise, based on field data on the average particle size
f the sediments from the main rivers (between 15 and 70 �m)  and
ettling velocity experiments (Aysen SEIA, 2012).

3 http://www.gotm.net.
delling 264 (2013) 7– 16

Sediments in the water column, modeled as described above,
were then used to compute light extinction. Since our main objec-
tive was to assess the effects that sediments generated from GLOFs
would have on the light environment of the fjord, we  modeled light
extinction as affected by sediment concentration only. MOHID has
two ways to model light extinction: Parsons et al. (1984) equa-
tion for chlorophyll and Portela (1996) equation for sediments.
For the purposes of this model we  used Portela’s equation, where
light extinction coefficient, k, is a function of the concentration of
suspended sediments:

k = 1.24 + 0.036Css (7)

where Css is the concentration of suspended sediments.

2.4. Nested modeling

MOHID can be used to model coastal and estuarine areas of
complex bathymetry and topography through one-way nesting
(Braunschweig et al., 2004). In nested modeling a medium to large
extent, low resolution, hydrodynamic model is used to generate
boundary conditions for a second, smaller extent, higher resolu-
tion model contained within the geographic boundaries of the first.
MOHID, from the perspective of software development, does not
have limitations on the number of nesting levels being only limited
by RAM size and processor speed. However, practical experience
shows that three levels are enough for most applications. In this
specific case, we  used two nesting levels (Fig. 1). Grids were gener-
ated using the “Create Digital Terrain” tool of MOHID GIS. This tool
generates numerical grids by means of spatial triangulation using
the available bathymetry data. When data is too dispersed, as it was
in this case, this tool allows filling no-data areas with the average
value of adjacent cells by means of a user-defined radius. We  used
this technique for both grids, with a 10-cell radius for the first level
and a 2-cell radius for the second, smaller extent, level. They were
then manually examined in order to correct areas that could gen-
erate numerical instabilities (e.g. isolated cells and cells connected
only through vertices).

The first level, or oceanic model, was implemented to
generate the oceanic boundary conditions corresponding to
the astronomical tide. The model was  built with a resolu-
tion of 0.02◦ (2.2 km), with its origin at 76.8◦W and 50.99◦S
and with a grid size of 217 (lat.) × 183 (long.). Coastline was
obtained from the US NGDC open database (available at:
http://www.ngdc.noaa.gov/mgg/shorelines/shorelines.html);
bathymetry was  obtained from track lines available at GEODAS
(http://www.ngdc.noaa.gov/mgg/geodas/trackline.html). The tidal
signal was extracted from the FES2004 global tide model (Lyard
et al., 2006). Marín and Campuzano (2008) have already shown
that the later model generates tidal levels inside the Chilean fjords
area (from 41◦S to 46◦S) consistent with field measurements. Tidal
components, 14 in total, were extracted from the FES2004 model
by means of the MOHID-tide utility program for 50 boundary
points of the oceanic model (Fig. 1).

The second level, or fjord model, corresponded to the area of
interest (the Baker channel fjord system; Figs. 1 and 2). All simu-
lations described in this article were implemented on this level.
The fjord model was  built with a resolution of 0.005◦ (0.3 km),
with its origin at 74.6◦W and 48.25◦S and with a grid size of
132 (lat.) × 283 (long.). Coastline and bathymetry was obtained
from charts available from the Chilean Navy (http://www.shoa.cl).

The fjord model takes the tidal signal from the oceanic model at the
oceanic boundary between them and includes discharges of conti-
nental water fluxes. Both models did not differ in bottom depth at
the boundary between them.

http://www.gotm.net/
http://www.ngdc.noaa.gov/mgg/shorelines/shorelines.html
http://www.ngdc.noaa.gov/mgg/geodas/trackline.html
http://www.shoa.cl/
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Table  2
Width (in meters) of the 31 Cartesian vertical layers of the fjords model. Layer
numbering starts from the bottom up to the surface.
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Table 3
Comparison between concentrations of suspended solids (mg l−1) measured in the
Baker River discharge area in May  2009 (Costasur, 2009) and simulated by MOHID
for maximum river flow.

Station Data Model

E-19 42.1 100.29
E-20 119.0 118.44
E-18 105.0 102.98
Average ± standard dev. 88.67 ± 41.02 107.0 ± 9.6
Layers 1–6 7–13 14–20 21–31

Width (m)  50 25 2 1

.5. Vertical structure, boundary and initial condition

The oceanic model was implemented as a barotropic one-layer
odel, with a constant horizontal viscosity of 100 m2 s−1. MOHID

ses a finite volume approach to discretize equations (Chippada
t al., 1998). The procedure for solving them is independent of
ell geometry and as volumes can vary in the course of calculus,
eometry is updated in every time step.

Vertical coordinates of a hydrodynamic model under MOHID
an be built in three ways: sigma-coordinates, Cartesian coordi-
ates or a mixture of both. We  tried all three schemes for the fjord
odel, to finally use Cartesian coordinates (Table 2) due to numer-

cal instabilities generated in both full sigma and sigma-Cartesian
ersions. Layer thickness decreases from the bottom (50 m)  to the
urface (1 m)  to allow for the resolution of the narrow surface layer.
ndeed, surface layer thickness represents a compromise between
ertical resolution and numerical stability.

River flows, among the many variables and parameters of the
odel, were largely those with the highest uncertainties. Baker

nd Pascua River flows were obtained from the automatic sta-
ions of the General Water Directorate of the Chilean Government
http://dgasatel.moptt.cl/index.asp). However, early work con-
ucted within scientists of the HydroAysén project (HydroAysén,
010) showed that measured values had to be adjusted using a 1.5
actor in order to use them as fjord’s discharges, given the location
f the automated stations. We  modeled the system using river flows
or the autumn season of the Southern Hemisphere (April–May).
he overall mean value was 2080 m3 s−1 for the Baker River and
000 m3 s−1 for the Pascua River. We  further included other three
maller discharges (<60 m3 s−1 each) within the fjord model using
he available information on the Chilean Government Environmen-
al Impact website (http://seia.sea.gob.cl/).

Temperature in the fjord model was initialized with an isother-
al  value of 10 ◦C. Salinity, on the other hand, was  initialized with

ifferent values for each layer (Table 2) according to the following
cheme: 0 PSU between the surface and 4 m of depth, followed by

 halocline from 1.5 PSU to 32 PSU between 5 m and 50 m;  deeper
ayers were initialized with a 32 PSU value. The data was  obtained
rom the information available at the Chilean Government Environ-

ental Internet System (Aysen SEIA, 2012).

.6. Simulation strategy and calibration

Field data on salinity and suspended solids near the discharge
one for both main rivers (Fig. 2) was available from oceanographic
ampaigns conducted during February, March and May  2009 by
ostasur (2009). Consequently, we adjusted simulation times so
he calibrated model and the scenarios were run during May  2009.

ith that purpose, the nested models were run using the following
equence:

. The ocean, level-1, model was initialized, running on its own
without the fjord model, during three and a half months (from
January 1st to April 15th, 2009). This long initialization was nec-
essary because previous modeling experiences on the Chilean

fjords (Marín and Campuzano, 2008) had shown that astro-
nomical tides imposed at the oceanic boundary would generate
transient, anomalous, tidal levels within the fjords system during
an initialization period of nearly two months. This initialization
t-Test t = −0.754, p = 0.49

further included a gradual increase of tidal components (“slow-
start” keyword for the hydrodynamic module) during a 24-h
period. The �t  of the oceanic model was  set to 60 s for the whole
of the simulations.

2. After that period, the fjord model was switched on and initial-
ized, for April 15th 2009, in its barotropic version for a week in
order to stabilize the tide coming from the ocean model. River
discharges were also started during this period. The �t for the
barotropic initialization of the fjord model was set to 30 s.

3. Having stabilized velocity and basic properties fields (i.e. tem-
perature, salinity and river discharges), the model was switched
to its baroclinic, final simulation version, for April 22nd 2009.
For all the rest of the simulations the �t  of the fjord model
was switched to 10 s. The first scenario (S1 scenario, see Sec-
tion 2.7) was simulated 11 days after the baroclinic version of
the fjord model was initialized, from May  2nd to May 8th, 2009.
The nested (ocean+ fjord) model was  by then numerically stable,
without anomalous transient responses.

4. Calibration of velocity, salinity and suspended solids was accom-
plished adjusting the dimensionless parameters introduced in
Section 2.2 (e.g. Horcon, SCHMIDT coefficient). During this pro-
cedure we  also used maximum river discharges for both Baker
and Pascua Rivers (6000 m3 s−1 and 4000 m3 s−1, respectively)
in order to adjust the halocline depth to measured values. We
used Costasur (2009) data for calibration. Velocity data was
obtained with ADCP current meters, between February 21st 2009
and March 24th 2009 at the Baker River discharge area (Fig. 2),
moored at 2 m and 12 m of depth. For the Pascua River discharge
area (Fig. 2), velocity data was obtained between March 25th
and May  1st 2009 with moored instruments at 2 and 5 m of
depth. Salinity vertical profiles, and surface suspended solids
were measured on May  2nd through 4th 2009 with a Hydro-
lab multiparameter DS5 sonde. Salinity was  available for both
river discharge areas while suspended solids were available only
for the Baker discharge area. Model data used during calibration
corresponded to the last output of the S1 scenario (see Section
2.7 below), which corresponded to May  8th 2009. In order to
compare with the data obtained by Costasur (2009), for calibra-
tion purposes, we sampled model variables (velocity, salinity and
suspended solids) only at both river discharge areas.

5. Scenarios (see next item) were simulated as a time sequence
starting with S1, which corresponded to our baseline condition,
at simulation day May  8th, 2009 preceding S2 that in turn pre-
ceded S3. Thus, final property fields for S1 corresponded to the
initial conditions for S2 and so on.

2.7. GLOF scenarios

We  constructed three GLOF scenarios for the discharges Baker
and Pascua Rivers (Table 4). Each scenario was  run during 7 days

with constant river flows and suspended solid concentrations for
each river. Results shown in this article correspond to the last time
step for day 7 under each scenario.

http://dgasatel.moptt.cl/index.asp
http://seia.sea.gob.cl/
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.7.1. S1 scenario (running time: May  2nd–8th, 2009)
A very likely near-future scenario, representing GLOFs like the

ne that occurred during the summer-fall of 2009 (Dussaillant
t al., 2009) with 6000 m3 s−1 and 4000 m3 s−1 for the Baker and
ascua Rivers respectively. The model was run with those river
ows for one week. Suspended solids concentrations were set to
20 mg  l−1 (Baker) and 60 mg  l−1 (Pascua) based on field measure-
ents (Costasur, 2009). Since this was the scenario used for model

alibration, we do not include in this article an additional baseline
utput. Furthermore, as we show in the results section, this scenario
epresents current conditions for maximum river flows. Smaller
ows only showed that suspended solids would affect smaller,

nner, areas.

.7.2. S2 scenario (running time: May  8th–15th, 2009)
Since global warming will, most likely, affect the probabil-
ty and magnitude of peak discharges in GLOFs (Ng et al., 2007),
e prepared a second mid-term climate change scenario assum-

ng a 4.5-fold increase in water discharges up to 9000 m3 s−1

or the Baker River and 6000 m3 s−1 for the Pascua River. For

able 4
limate change simulation scenarios. S1 corresponds to very likely scenario
bserved during the summer of 2009 that was used to calibrate the model; S2 cor-
esponds to a moderate increase in both water flows and suspended solids (SSs).
inally S3 represents a catastrophic event. See text for further details.

River Parameter Scenarios

S1 S2 S3

Baker
SS (mg  l−1) 120 480 960
Flow (m3 s−1) 6000 9000 16,000

Pascua
SS  (mg  l−1) 60 240 480
Flow (m3 s−1) 4000 6000 11,000
ge zones. The colored figure shows field salinity data obtained by Costasur during

suspended solids discharges, we assumed a four-time increase,
with 480 mg  l−1 (Baker) and 240 mg  l−1 (Pascua). These are mod-
erate values based on measurements for a GLOF in Iceland, which
showed a 8-fold increase in SS concentration (Old et al., 2005).

2.7.3. S3 scenario (running time: May 15th–21st, 2009)
Finally, we  constructed a catastrophic event, based on estimated

values of a modeled “paleo-discharge” (Dussaillant et al., 2009).
This run was built assuming a massive discharge of 16,000 m3 s−1

for the Baker River and 11,000 m3 s−1 for the Pascua River. For
suspended solids we assumed the maximum registered value for
contemporary GLOFs, based on the cited literature, with 960 mg l−1

(Baker) and 480 mg  l−1 (Pascua).

3. Results

3.1. Calibration

The best adjustment between observed and simulated data (see
Section 2.6) was  obtained with a SCHIMDT COEF V = 1.0. Simula-
tions with average river flows produced a shallow (5 m)  surface
seagoing layer (Fig. 4). Better results were obtained when using
maximum river flows. The calibration of velocity profiles showed
that the best agreement between measured speeds and simula-
tion results was  obtained using a Horcon value (Eq. (6)) equals
to 2.5 (Fig. 5). Once again, as shown for salinity, the use of aver-
age river flows produced surface currents similar to the average
current meter values, but deeper values were consistently slower

for the Baker discharge area. The problem was solved using max-
imum river flows. In the later case, surface velocities approached
maximum field values and deeper layer velocities, for the Baker
discharge area, were closer to average field values. Finally, the
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ig. 5. Vertical distributions of modeled velocity module for the Baker and Pascua
ivers discharge zones. Arrows represent average velocity ± one standard deviation
nd stars maximum velocity data obtained by Costasur (2009).

alibration of suspended solids, based on field data from May  2009
nd maximum river values corresponding to the summer 2009
LOF event, showed not significant differences between modeled
nd field data (Table 3).

.2. S1 scenario

Results describing simulations under S1 scenario corresponded
o the maximum river flows of an observed GLOF event during the
ummer-fall 2009. The spatial extension of the influence of river
ows depended on which variable was considered (Fig. 6). Salin-

ty is influenced all over the model extent reaching values close to
5 PSU and 26 PSU at the ocean border, against an oceanic value
f 31 PSU imposed at the oceanic frontier. Suspended solids, on
he other hand, decreased from values between 120 mg  l−1 and
0 mg  l−1 at fjord’s head, near river discharges, to 1.0 mg  l−1 and
.5 mg  l−1 at the oceanic border. Finally, light extinction decreased
rom values between 1 m−1 and 2 m−1 at the river discharges sec-
ors to smaller than 0.05 m−1 at the oceanic border of the fjord

odel. Thus, surface suspended solids decreased 240 times from
he head to the mouth of the fjord system under the maximum
iver flow conditions experienced during the 2009 GLOF event.

.3. S2 and S3 scenarios

Under the S2 scenario, most of the fjord’s area reached light
xtinction values higher than 0.5 m−1 (Fig. 8), associated with sus-

ended solids in excess of 15 mg  l−1 (Fig. 7). When the S3 scenario
as simulated, the bulk of the area showed suspended solids con-

entration in excess of 30 mg  l−1 (Fig. 7), generating light extinction
alues well above 0.5 m−1 (Fig. 8). Indeed, for this latter scenario

Fig. 7. Comparison of suspended solids model output (surface layer, 7th-day) for
S1–S3 scenarios.



14 V.H. Marín et al. / Ecological Mo

F

l
l
t
c
s
m
b
t
1
r
6

F
m

ig. 8. Comparison of light extinction (surface layer, 7th-day) for S1–S3 scenarios.

ight extinction for most of the area was above 1.0 m−1. Neverthe-
ess, the concentration of suspended solids decreased rapidly from
he head of the fjord to the oceanic boundary. We  compared verti-
al profiles of suspended solids in three model locations for the S3
cenario (Fig. 9): St. 1 at the Baker River discharge area, St. 2 in the
ain channel in an intermediate location and St. 3 near the oceanic

oundary (see Fig. 8 for specific geographic locations). Although
he local Baker River discharge sector receives concentrations near
000 mg  l−1 during the S3 GLOF, by the time suspended solids
eached the fjord model oceanic boundary they have decreased to

% of the head value.

ig. 9. Vertical distribution of suspended solids, S3 scenario at 7th day, for three
odel locations (see Fig. 8 for geographic locations).
delling 264 (2013) 7– 16

4. Discussion

There is little doubt that in the near, not too distant, future
humanity will have to face the effects of climate change. How-
ever, as important as that process shall be, the likely responses of
earth ecosystems remain elusive and full of uncertainties. Ecologi-
cal modeling may  play a rather important role generating insights
on the physical, ecological and social mechanisms that will govern
ecosystems behavior when exposed to such a change (e.g. Marin
et al., 2009). In this article we have described a hydrodynamic 3D
model designed to study the distribution of suspended solids in a
southern Chilean fjord system (the Baker channel fjord located in
the Northern Patagonian Ice Field region), including simulations
under climate change conditions. The analysis of this region is
urgent since it has been identified as one zone with the highest
potential for climate change effects (Boyd et al., 2008; Dussaillant
et al., 2009). However, modeling the hydrodynamics of fjords,
given the strong vertical salinity gradients, requires solving for the
surface layers without compromising model’s numerical stability.
We implemented a 31-layer Cartesian coordinate’s model under
MOHID water modeling system (Neves et al., 2008). The model-
ing strategy, with layer width decreasing from the bottom (50 m)
to the surface (1 m),  produced numerically stable and calibrated
hydrodynamic solutions. Furthermore, we  have shown that the
model can reproduce the effects of a glacial-lake outburst flood
(GLOF) recorded during the summer-fall 2009 (Dussaillant et al.,
2009). Since GLOFs are one of the likely, and potentially dangerous,
non-lineal responses of glacial systems such as the Northern and
Southern Ice Fields in Chilean Patagonia, we  analyzed the changes
in the distribution of terrigenous suspended solids, or glacier flour.
Suspended solids are known to have an important influence on
glacier-fed fjords primary production (Pizarro et al., 2005). Con-
sequently, we simulated three scenarios: S1 corresponding to the
2009 GLOF baseline, calibrated, condition, S2 which simulates a
likely GLOF under climate change conditions, observed in other
latitudes such as Iceland (Old et al., 2005) and S3,  a catastrophic
paleo GLOF described by Dussaillant et al. (2009). Light and primary
production studies in the Chilean fjords show that light extinc-
tion coefficients higher than 0.46 m−1 (euphotic zones < 10 m)  are
found in areas where production is severely limited by light (Pizarro
et al., 2005). Indeed, these authors postulate a three-phase model
describing the relationship between light availability and chloro-
phyll concentration. Phase A is characterized by euphotic zone
depths less than 20 m,  where light limitation is related to the input
of terrigenous sediments. Results (Figs. 6–9) show that suspended
solids at the oceanic border, in 7-day simulations, decreased well
below 10% of near-discharge concentrations located nearly 100 km
upstream, considering surface seagoing fjord flows. This result,
which agrees with sediment data analyzed by Silva et al., 2011
for other northern Chilean fjords, suggests that climate change
effects on glacier melting will most likely affect the inner sectors
of the Chilean fjords with minor effects on more oceanic areas,
unless a catastrophic event such as the S3 scenario is considered
(Figs. 8 and 9). In that case, suspended solids concentrations at the
oceanic frontier of the model reached values higher than 30 mg l−1,
with light extinctions coefficients above 0.5 m−1. Such a light envi-
ronment is likely to seriously affect primary production in the water
column at least up to the oceanic frontier of our fjord model.

Thus, our results can be summarized as shown in Fig. 10. Under
fluctuations in suspended solid concentrations in Chilean fjords as
currently observed, S1 scenario and lower, light limitation of pri-
mary production is likely to be restricted to inner fjords, mostly

those directly influenced by glacier-fed rivers such as the Baker
and Pascua (Fig. 6). If climate change increases air temperature
and this process, in turn, increases glacier’s melting then there are
two potential scenarios: slow increase in melting rates reaching S2
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Fig. 10. Summary for the interpretation of S1–S3 scenarios in t

cenarios (Figs. 7 and 8) or faster and highly non-linear increase
enerating S3,  catastrophic, scenarios. In the first case (S2) we  pro-
ose that there will be an enlargement of the light limitation areas
ut still within the inner fjords. Only the later condition (S3) is

ikely to generate a wider low productivity area, potentially reach-
ng outer channels and even coastal waters, due to light limitation
y increased terrigenous suspended solids.
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