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A B S T R A C T

Circulation in estuaries is typically considered to be driven by horizontal density gradients, called gravitational
circulation, but can be modified by other forcing such as the wind. Studies have shown that wind influence can
either augment or counteract density-driven residual flows in estuaries, but the temporal and spatial extent of
this influence remains unknown, particularly in deep and highly stratified fjords. This study aims to fill this gap by
investigating the seasonal variability in residual circulation, wind forcing, and stratification in an extensive fjord
and channel system in Chilean Patagonia. Observations of current velocity and wind are supplemented by
atmospheric and hydrodynamic circulation models in the Moraleda Channel, a system that connects the fjord
system of Northern Patagonia to the Pacific Ocean. Results show a marked seasonality, given that the surface
outflow is reversed by wind forcing during the winter, a season characterized by strong southward (up-channel)
winds. This produces a near-surface flow directed up-channel in the upper ~40 m of the water column, in op-
position to the horizontal pressure gradient. Cross-channel transects revealed that the vertical structure of the
along-channel residual velocity was three-layer during the winter. The near-surface (<50 m) along-channel
current on the eastern side of the channel followed the wind direction (southward). Between 50 and 100 m
depth the flow was out-channel and below 100 m depth the flow was again in-channel. On the western side, the
along-channel residual flow was two-layer, with near surface flow directed northward (against the wind) with a
return flow below (deeper than 50 m). During the spring, northward (out-channel) winds dominated and the
vertical structure of the along-channel residual velocity was two-layer, augmenting the horizontal pressure
gradient, which stabilized the water column, enhancing stratification, inhibiting mixing and elevated gravita-
tional circulation.

1. Introduction

The gravitational circulation, forced by horizontal density gradients,
is known to be a primary driver of residual flows in estuaries (Geyer and
MacCready, 2014; Lange et al., 2020), whereas the role of the wind has
received relatively less attention in contrast to studies on tidal and
density forcing. Several studies have focused on understanding and
characterizing the estuarine circulation in fjords (Stigebrandt, 1981;
Geyer and Cannon, 1982; Silva et al., 1995; Caceres et al., 2002a;
Sutherland et al., 2014; Castillo et al., 2012; Castillo et al., 2016; Wan
et al., 2017; Shan et al., 2019). The first conceptual circulation models of
Patagonian Fjords prepared by Silva et al. (1995) described freshwater
flow to the ocean at the surface and salty ocean water at depth flowing to
the interior of the channels; a result analogous to the classical two-layer
estuarine circulation of Pritchard (1954) driven by horizontal density
gradients. On the other hand, studies that are more recent, have revealed

the influence of tides in altering this typical estuarine circulation
structure (Geyer and Farmer, 1989; Li and Li, 2011; Geyer and MacC-
ready, 2014; Valle-Levinson et al., 2014; Giddings and MacCready,
2017; Ross et al., 2017).

In a study by Valle-Levinson et al. (2014), they proposed that the
circulation structure in fjords that experience tidal forcing can have
three vertical layers, specifically in deep fjords where the water column
depth is six times deeper than the bottom boundary layer. There are
three types of water masses found in the fjords and channels of Pata-
gonia (Silva et al., 1998). The first corresponds to the Estuarine Water
(EW) surface layer between 0 m and ~25 m depth. The middle layer
corresponds to Sub-Antarctic Water and Modified Sub-Antarctic Water
(SAAW and MSAAW), between 30 m and 150 m, and the third, Equa-
torial Subsurface Water (ESSW), occurs from 150 m to the bottom. Using
observational current data, studies have found a three-layer vertical
structure of along-channel residual flows and have suggested that
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influence from the wind (Caceres et al., 2002a) or tides (Valle-Levinson
et al., 2007) can alter the three-layer structure.

Wind contribution to the estuarine circulation, characterized in a
semi-closed basin by vertical downwind surface flows and up wind re-
turn flows underneath (Wong and Lu, 1994; Valle-Levinson et al., 2002;
Wan et al., 2022), has not received much attention in fjords. Studies
have shown that wind-induced flows can predominate in estuaries with
weak tidal influence (Pritchard and Vieira, 1984; Geyer, 1997). Geyer
(1997) pointed out that wind-induced forcing can dominate gravita-
tional circulation in shallow estuarine systems, and this in turn controls
the salinity structure and residence time. More recent studies on estu-
arine systems in the Northern Hemisphere (Scully et al., 2005; Li and Li,
2011; Xie and Li, 2018) have suggested that the direction of the wind
will determine its role in mixing or stabilizing the estuary waters.

Wind driven currents are typically known to enhance mixing and
shear in the surface layer, which can break down stratification and
deepen the pycnocline (Li et al., 2007; Ross et al., 2015; Perez-Santos et
al., 2019). However, Scully et al. (2005) found that down-estuary wind
can augment the surface layer of the residual flow, enhancing
stratification along the channel, and termed this mechanism “wind-
straining”. Windstraining has been found to be an important driver of
the estuarine circulation (Weisberg and Sturges, 1976; Geyer, 1997;
Scully et al., 2005; Chen et al., 2009; Lange and Burchard, 2019).
However, the wind may not act homogeneously in an estuary. Thus,
different regions in the estuary must be taken into consideration when
the wind-current response is investigated (Xie and Li, 2018). In fjords,
the mountainous terrain can funnel wind in the axial direction, which
could either augment or counteract the gravitational circulation (Inall
and Gillibrand, 2010), but the effects largely remain unknown.

Understanding the influence of wind on the estuarine circulation is
important as it can influence the current structure, current velocity,
stratification/mixing, exchange flux, residence time and transport. Cir-
culation strength and structure impacts the abundance of nutrients,
which among other forcing factors, has led to recurring Harmful Algal
Blooms (HABs) in Patagonian Fjords and Channels (Munoz et al., 1992;
Guzman et al., 2002; Mardones et al., 2010, 2021; Pizarro et al., 2018;
Díaz et al., 2021; Crawford et al., 2021). Salmon and mytilidae (mussel)
farming is prolific in this region, and therefore the effects of HABs have
had disastrous consequences for this industry.

HABs have affected the Chilean salmon industry by causing massive
mortalities, yet there is controversy over whether the contribution of
excess nutrients from salmon farms exacerbates the algal blooms (Qui-
nones et al., 2019). Estuary residence times dictate how long elevated
nutrient levels and HABs will remain in a particular system (Lucas,
2010), and the residence times can be dependent on the estuarine cir-
culation (Pinilla et al., 2020). Residence times can also impact biogeo-
chemical and biological processes (Giddings and MacCready, 2017) such
as phytoplankton (Davis et al., 2014) and pollutant (Giddings and
MacCready, 2017) transport, and the development of hypoxic condi-
tions (Perez-Santos et al., 2018). Therefore, to identify the causes of
eutrophication and its implications on Patagonian fjord ecosystems,
such as HABs, we must first form a better understanding of the spatial
and temporal structure of fjord stratification, mixing, and circulation.

The aim of this research is to elucidate the competition between the
flow induced by freshwater and that forced by the wind. This goal will be
accomplished by investigating fjord circulation structure and how
spatial and temporal variations in the structure are linked to spatial
variations in stratification and mixing during seasons with contrasting
wind directions and magnitudes. The study will be conducted in a
Patagonian Fjord and Channel system in Chile, the Moraleda Channel,
and will include analysis of in-situ collected data and a three-
dimensional coupled atmosphere-ocean hydrodynamic model.
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2. Materials and methods

2.1. Study area

The Moraleda Channel (Fig. 1) connects the coastal ocean (Boca del
Guafo and lateral channels) with the inland sea (fjords: Jacaf, Puyu-
huapi, Aysen, Quitralco, Cupquelan) in Northern Patagonia. The chan-
nel has a north-south orientation with a length over 160 km and a width
between approximately 12 km and 25 km. It is divided into two basins:
the northern basin with depths exceeding 300 m, and the shallower
southern basin with depths as shallow as 40 m in the Meninea
constriction-sill, which has been known to restrict exchange flows (Silva
et al., 1995; Valle-Levinson et al., 2002).

The recorded average monthly precipitation (from the Boca del
Guafo to Aysen Fjord) is highest in the Austral winter months >200 mm,
compared with the Austral summer, when it is <  200 mm (Calvete and
Sobarzo, 2011). The main source of freshwater comes from rivers and
glaciers, of which the primary inputs include: the Palena River, Cisnes
River, Aysen River, and the glacial melt from the Northern Icefield.
There are two discharge maximums per year (Table 1), with one in the
winter (due to rainfall) and one in the spring (due to ice melt). These
discharge scenarios create a brackish water gradient from the fjords to
Boca del Guafo, giving rise to an estuarine circulation dominated by
outflow of low salinity water over inflow with high salinity (Silva et al.,
1995, 1997, 1998; Calvete and Sobarzo, 2011). In a study with a hy-
drodynamic model, Ruiz et al. (2021) categorize the Moraleda Channel
as a highly stratified system in the summer and well-mixed in the winter.

Tides in Moraleda Channel are mixed with semidiurnal dominance
with maximum spring tide amplitudes of 2.8 m. During neap tides this
amplitude decreases by approximately one half (Fierro et al., 2000;
Valle-Levinson et al., 2002). The semidiurnal tidal propagation occurs
through the Chonos Archipelago rather than along Moraleda Channel
due to the large phase lag sustained across the Boca del Guafo (Aiken,
2008).

The regional wind variability is influenced by the westerlies and the
Southeast Pacific Subtropical Anticyclone (SPSA). In Chilean Patagonia,
these atmospheric forcings display particular characteristics. The west-
erlies are stronger than in the Northern Hemisphere and the SPSA pre-
sents a migration to the south in the austral summer, which explains the
seasonal wind regime (Stewart, 2002; Perez-Santos et al., 2019). This
has been recorded at Guafo island, with predominant southerly and
southwesterly wind during the austral spring-summer and northerly and
northeasterly winds during the fall-winter season (Caceres et al., 2002a;
Valle-Levinson and Blanco, 2004; Narvaez et al., 2019). The highest
wind velocities can reach magnitudes over 10 m/s (Valle-Levinson et al.,
2002), which dominate in winter and sporadically occur in spring/-
summer (Caceres et al., 2002a; Valle-Levinson and Blanco, 2004).

2.2. In-situ measurements

Current velocity measurements were collected using a 307.2 kHz RD
Instruments Acoustic Doppler Current Profiler (ADCP). The location of
the deployment was in Moraleda channel where the depth is 368 m
(Fig. 1). The deployment lasted from winter of 2018 (August 8th) to
summer of 2019 (March 10th). The instrument was moored at 67 m
depth with the transducers facing up and collected data every 30 min
(50 pings per ensemble) with a vertical bin resolution of 4 m. The first
bin was located 6.1 m from the ADCP. Data in the upper 9% of the
column were removed to eliminate side lobe effects, allowing for mea-
surements collected from approximately 5 m–61 m depth.

An autospectral analysis (e.g., Salinas and Castillo, 2012) was
applied to the ADCP data to determine the dominant frequencies of
variability in the current velocities (Bendat and Piersol, 1986). The time
series was windowed and resulted in 14 degrees of freedom (Emery and
Thomson, 1998). The energy density spectrum was then integrated into
diurnal (10–14 h), semi-diurnal (22–26 h) and low-frequency (3–15
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Fig. 1. Map with the study area, including the bathymetry, hydrodynamic model domain and grid, freshwater discharge and the geographic location of the mea-
surement sites.

days) bands. Finally, the percent variance in the energy density of the
current velocity was quantified for the diurnal band, semidiurnal band,
and low frequency band. The residual flow was calculated by applying a
low-pass Lanczos filter with a half-power 40-h filter (Valle-Levinson et
al., 2002; Castillo et al., 2012; Pinilla et al., 2020). In order to have a
proxy for the flow dominated by gravitational circulation, we calculated
the net flux through the upper water column, captured by the ADCP and
using numerical model output. This flux is referred to as exchange flux
(ΔU) following the concept that Scully et al. (2005). The exchange flux
(Equation (1)) is calculated based on the integration of the
along-channel residual outflow (positive; dvp) and the along-channel

residual inflow (negative; dv ) velocities over the portion of the water
column considered (from z2 to z1).

ΔU =  
∫

z  

z1      

dt 
+  

dt
(1)

when the exchange flux is greater than zero, ΔU >  0, the residual flows
indicate a typical gravitational circulation pattern. When ΔU <  0 this
indicates that the typical residual flow pattern is reversed. It should be
noted that this equation for exchange flux only captures vertical vari-
ability and does not take into account horizontal variations in exchange
flux.
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Table 1
The monthly average of the rivers adjacent to the Moraleda Channel, in red for the spring/summer months
and in blue for the winter months, and with an asterisk (*) denoting the maximums.

2.3. Numerical modeling

To simulate the physical processes that influence the hydrodynamics
of the Moraleda channel, a coupled ocean-atmosphere modeling system
was implemented. The Weather Research and Forecasting Model (WRF)
was used to input atmospheric conditions into a MIKE 3 ocean model of
the Moraleda Channel and surrounding fjords and channels. The general
characteristics of the models are described below.

2.3.1. Regional atmospheric model: WRF
The local atmospheric conditions were modeled with the non-

hydrostatic model WRF version 3.5.1 (Skamarock et al., 2008), nested
within the NCEP operational system with 25 km spatial resolution
(National Center for Environmental Prediction, 2000). For this appli-
cation, two domains were established, the first comprised an area be-
tween ~39� and 48� S and ~69�–85� W, with a spatial resolution of 9
km. The second has a horizontal resolution of 3 km and covers an area
between ~41� and 47� S and ~71�–76� W. This latter domain contained
the inland sea region of Aysen (Fig. 1).

4
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A time series of WRF hourly wind speed and direction was extracted
from the location in Moraleda channel where the ADCP was moored
(Fig. 1). The wind stress (τ) was calculated using a drag coefficient
dependent on the extracted wind magnitude (see Large and Pond, 1981)
using a constant air density of 1.2 kg m . A cross-correlation analysis
was carried out between the along-channel wind and along-channel
residual current velocity to determine if wind forcing acts as a driver
of the residual circulation in Moraleda Channel.

2.3.2. Hydrodynamic model: MIKE 3
MIKE 3 uses the finite volume method to solve the Navier-Stokes

equations (DHI, 2016). The model domain uses an unstructured mesh of
triangular elements and covers the Aysen inland sea from Boca del
Guafo in the north to the Laguna San Rafael in the south, with a
maximum resolution of 200 m in the inland waters up to 1000 m
offshore. The bathymetric information was extracted from a nautical
chart from the Hydrographic and Oceanographic Service of the Chilean
Navy (www.shoa.cl) (Fig. 1). Vertical discretization by means of hybrid
coordinates (40 layers: sigma and z-level) was used to adequately
represent stratification, with highest resolution in the upper water col-
umn (~1 m near surface). The horizontal eddy viscosity was parame-
terized with the Smagorinsky formula (Smagorinsky, 1963), and the
vertical viscosity was incorporated by the κ – ε turbulence scheme,
which solves the transport equations for turbulent kinetic energy (κ) and
turbulent dissipation rate (ε) (Rodi, 1984).

Water levels at the open boundary were prescribed using harmonic
analysis (Pawlowicz et al., 2002), based on data from a regional baro-
tropic model (Pinilla et al., 2012). CTD profiles were used for temper-
ature and salinity boundary conditions collected during CIMAR
FIORDOS oceanographic cruises (Guzman et al., 2002; Guerra and Silva
2004; Valdenegro and Silva, 2003; Carrasco and Silva 2010). Compar-
ison of the CTD profiles and the model output are shown in the Sup-
plementary Material.

River discharge measurements from the Palena, Cisnes, and Aysen
Rivers were used to provide freshwater input to the model domain and
were obtained from the national water authority (www.dga.cl). For the
glacial basin of the Northern Patagonian Icefield we incorporated
discharge information from a study that quantified the most important
icefield discharge sources and the characteristic of their annual cycle
(Soto et al., 2017). The proportional area method (Archfield and Vogel,
2010) was used to incorporate other sources of freshwater to the hy-
drodynamic model domain where no data were available. This model
estimates freshwater discharges in areas without observations by
multiplying the observed or reference discharge by the ratio between the
area of the basins without observations and that of the reference basin.
The points of discharge to the sea were chosen with information from
the Public Inventory of Hydrographic Basins of the DGA. The annual
average river discharge values were incorporated as forcing conditions
for the model. This includes the gauged rivers (Palena, Cisnes, Aysen)
and as well as approximations for several Northern Icefield locations.
The annual average values for the Palena, Cisnes, Aysen and Northern
Icefields basins were 987, 334, 640 and 795 m s respectively, adding up
to a total freshwater input of 2756 m s introduced into the model
domain. It should be noted that the 3 gauged rivers represent ~55% of
the total discharge estimated under this approach.

A stabilization or spin-up period of 3 years was used to avoid
spurious results from the model due to the morphometric complexity of
the fjords and channels in the domain. Once the model was stable, a
simulation capturing the time period of the ADCP deployment in
Moraleda Channel (August 2018 to March 2019) was run. The current
velocities, temperature, and salinity fields are available for viewing or
downloading on the Chonos oceanographic information platform,
available at http://chonos.ifop.cl/atlas (Reche et al., 2021). This MIKE 3
model, with the same configuration, has been previously validated and
applied to study physical aspects of HABs (Díaz et al., 2021) and other
sub-domains in this region of Patagonia (Pinilla et al., 2020; Pinilla
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et al., 2019; Mardones et al., 2021).
Numerical hydrodynamic models are useful to perform sensitivity

experiments to quantify the weight of a forcing on a specific physical
process, such as vertical mixing. In this case, a replica of the hydrody-
namic simulation was carried out, for the same period, but in this case,
without the effect of wind (wind stress =  0), which allowed comparing
both simulations (with and without wind) to quantify the role of wind in
influencing vertical mixing and residual circulation in the Moraleda
channel.

2.3.3. Model validation
To evaluate the performance of the WRF atmospheric model, output

was compared with information from a meteorological station located in
Melinka (Fig. 1), Wind observations were compared to the output from
the nearest node in the WRF model. Two statistical indices were used:
Pearson’s Correlation Coefficient (r, equation (2)) and Willmott’s Index
(d, equation (3)) (Willmott et al., 1985), both based on comparisons
between simulated and observed values and are given respectively by:

N 
(OBSi   OBS)(SIMi   SIM)

r = √̅̅̅̅ ̅ ̅ ̅ ̅ ̅ ̅ ̅ ̅ ̅ ̅ ̅ ̅ ̅ ̅ ̅ ̅ ̅ ̅ ̅ ̅ ̅ ̅ ̅ ̅ ̅ ̅ ̅ ̅ ̅ ̅ ̅ ̅ ̅ ̅ ̅ ̅ ̅ ̅ ̅ ̅ ̅ ̅ ̅ ̅ ̅ ̅ ̅ ̅ ̅ ̅ ̅ ̅ ̅ ̅
̅ ̅ ̅ ̅ ̅ ̅ ̅ ̅ ̅̅ (2)

N 
(OBSi   OBS)2(SIMi   SIM)2

i=1

N 
(SIM   OBS )2

d = 1   i=1 (3)
|SIMi   OBS� +  |OBSi   OBS �

2 
i=1

The WRF model compared to the Melinka weather station showed a
good agreement (Fig. 2). Winds from the west (Fig. 2a) and from the
north (Fig. 2c) persistently dominate with higher magnitude in winter
than in summer, this pattern is well captured by the WRF model, better
replicating the north-south component (r =  0.94, d =  0.95) (Fig. 2b)
than the east-west component (r =  0.81, d =  086) (Fig. 2d). The atmo-
spheric pressure has a high degree of fit between observations and the
WRF model output (r =  0.99, d =  0.99) (Fig. 2f).

Currents from the hydrodynamic model were compared to current
velocities collected by the ADCP. Subtidal along-fjord currents were
obtained by applying a Lanczos filter with a half-power of 40 h. In
addition, an Empirical Orthogonal Function (EOF) analysis (Thomson
and Emery, 2014) was carried out on the subtidal currents (observed and
modeled) to determine if the model can capture the dominant modes of
variability found in the observations. The wind stress from the WRF
model showed southward pulses over the Moraleda channel (Fig. 3a,
dashed line). Both modeled and observed near-surface subtidal currents
responded to these wind pulses (Fig. 3b and c), with velocities of up to
0.3 m/s. In the case of more intense wind pulses, such as in
mid-September, the wind can influence the currents down to 40 m depth
according to ADCP data (Fig. 3b). The model was not able to fully
reproduce the intensity of the influence of the southward wind on the
current, but it does capture its structure (Fig. 3c). When the southward
wind decreases or, alternatively, shifts northward, the along-channel
current responds by shifting northward in the upper 40 m of the water
column, reinforcing the typical estuarine circulation structure, which is
reproduced well by the model (Fig. 3).

The EOF analysis of the along-channel subtidal currents showed that
the vertical structure of the first mode (EOF1) was two-layer with
highest amplitudes near the surface, decreasing with depth. This bidi-
rectional current profile explained 74% of the total variability for the
observed profiles (Fig. 4a) and 81% for simulated profiles (Fig. 4b). The
second vertical mode (EOF2) was two-layer and accounted for 15% (for
observed, Figs. 4a) and 13% (for modeled, Fig. 4b) of the total vari-
ability. Temporal variability of principal component (PC1), for both
ADCP velocity data and model output, showed a similar structure (r =
0.77). Although the model shows a positive offset from the observed
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Fig. 2. Time series from the Melinka meteorological station (black) and modeled by WRF (red) for (a) east-west and (c) north-south components of the wind and (e)
atmospheric pressure. The scatter plots with Willmott’s index (d) and Pearson’s correlation coefficient (r) are displayed in the right panel (b, d, f). Data were filtered

with a cosine-Lanczos filter with a 40-h half-amplitude.

data, the peaks in the temporal component of PC1 are captured by the
model, and its overestimation lies in the fact that mode 1 explains more
variance in the model versus the observational data (Fig. 4c and d).
Although the model was able to capture the vertical and temporal
structure of the measurements, it should be noted that the vertical shear is
more pronounced in the observations than the numerical model
output. This is further elaborated upon in the discussion.

Hourly time series of water level from tide gauges located in the
Puyuhuapi Fjord and Errazuriz channel (Fig. 1), were used to compare to
model simulations of tidal variations in water levels. Temperature time
series (20 and 120 m) were also collected in Moraleda channel and Costa
channel (Fig. 1) and were compared to model output. The ability of the
model to reproduce vertical profiles of temperature and salinity were
evaluated by comparison with CTD profiles carried out during oceano-
graphic cruises in the winter (August 2018) and spring (November
2018) at different sites in the Aysen inland sea (Fig. 1). The performance
of the hydrodynamic model for these variables can be reviewed in Ap-
pendix A. Supplementary data.

2.3.4. Modeling freshwater tracer
To quantify the amount of freshwater present in the Moraleda

Channel, from different river sources, a passive tracer model was
implemented, which solves for tracer transport:

∂c(t, x )
+ Ñ( u c(t, x )   kÑc(t, x )) = 0 (3)

where c is the concentration of the tracer (fresh water), u is the velocity
field, k is the diffusivity tensor, t is time and, x =  f(x, y, z) is the

position-vector, solved in 3-dimensional space. The river discharge is
specified with the condition c =  1, while c =  0 applies for the ocean
water input at the open boundary. The tracer concentrations are
normalized so that they represent a fraction of the tracked freshwater,
therefore varying between 0 and 1 within the domain and representing
the fraction of river water and its relative distribution in the model
domain. The conservative tracer quantifies the amount of river water in a
given volume of fjord water that has been transported from the river
source to a certain location. Concentrations of these conservative pas-
sive tracers decrease only through dilution. Individual freshwater
tracers are released for each freshwater source (Palena, Cisnes, Aysen,
and Icefield) in separate simulations for a 1-year time period. The con-
centration of freshwater with time, c(t), was extracted at the location of
the ADCP mooring (Fig. 1) in the surface model layer (2 m depth). These
data were used to determine the influence of intra-annual variation of
freshwater in the Moraleda Channel

2.4. Stratification and mixing of the water column

The Richardson number (R ) was used to determine when buoyancy
effects were strong enough to overpower shear-driven mixing
throughout the water column and through time. The Richardson number
is defined as the ratio of stratification (N ) to squared vertical shear (S )
(Turner, 1979):

Ri =
N 2

(4)

where N2 is the Brunt–Vaisala frequency

6
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Fig. 3. (a) North-south (along channel) wind stress based on the WRF model.
(b) North-south current measured by the ADCP, and (c) modeled north-south
current at Moraleda channel. Data were filtered with a cosine-Lanczos filter
with a 40-h half-amplitude. Dashed lines represent southward wind pulses.

N2 =    
g ∂ρ (5)

0

with g the gravitational acceleration (9.81 ms  2), ρ the reference den-
sity (1023 kg m ), z the vertical coordinate axis. The squared vertical
shear is defined as,

(      ) (      )
S2 =  ∂z

+  ∂z
(6)

where u and v are the zonal and southerly velocities. The water column is
stratified if R >  1, and turbulent mixing can occur if R <  0.25
(Giddings et al., 2011; Ross et al., 2019).

A simplified metric to determine the strength of the vertical strati-
fication was assessed with the stratification parameter, n (Har-
alambidou et al., 2010; Schneider et al., 2014),

ns =  
Sbottom   Ssurface ) (7)

2        bottom surface

where S and S (bottom =  60 m) are the surface and ‘bottom’
salinity, respectively. Here, the term ‘bottom’ denotes the bottom of the
surface or wind-influenced layer. The values of the stratification
parameter can range as follows: n >  1 for a highly stratified water
column, 0.1 < n  <  1 for partially mixed, and n <  0.1 for a fully mixed
water column.

3. Results

3.1. Tide, wind and freshwater inputs in Moraleda Channel

The spectra of the along and cross-channel current velocity compo-
nents (Fig. 5) indicate that the semidiurnal (M2) tidal component
dominates the tidal band in both components of the current velocity.
Elevated spectral energy was also observed at lower frequencies of the
spectrum (3–15 days), due to estuarine and wind forcing. Fig. 5c
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describes the percent contribution of the semidiurnal, diurnal, and the
synoptic (3-to-15-day) bands to the total variance of the along-current
current velocity in the Moraleda Channel. The fluctuations associated
with the semidiurnal tidal signal explained between 3% and 20%, the
diurnal signal between 0.5% and 3%, and the signal within the synoptic
band between 26% and 41% of the total variability of the current in the
upper 60 m of the water column.

A histogram of the low-pass filtered (40 h) wind magnitude and di-
rection, and the magnitude of the wind stress for Austral summer
(October to March) and winter (April to September) showed that the
wind stress is highest when the wind is directed to the south, southeast,
and southwest (up-channel wind) in both seasons (Fig. 6). The average
magnitude of the stress to the north (down-channel wind) was 0.125
Nm and 0.11 Nm in the summer and winter, respectively. The
average stress to the south in the summer was 0.19 Nm and 0.225
Nm     in winter. On the other hand, the frequency of wind to the north
during the summer and winter was 20% and 18%, respectively. The
frequency of the wind to the south in both seasons was 30% and 40%,
respectively. Therefore, seasonality in the Moraleda Channel is associ-
ated with a greater magnitude of southward wind speeds in the winter. It
should be noted that surface winds are influenced by the channel’s
southerly orientation, which is conducive to winds with direction north-
south.

Freshwater influence in the Moraleda Channel comes from glacial
melt and river discharge from the interior of the fjords. Thus, three river
gauges were analyzed: The Palena, Cisnes, and Aysen Rivers (Table 1).
The Palena River influences the channel via the north, the Cisnes via the
center-east from the Puyuhuapi Fjord, and the Aysen via the southeast
from the Aysen Fjord. The monthly average of these rivers displayed
seasonality with two maximums: one in winter (rainfall) and the other in
summer (melt). The maximum discharge values were: 1064 m s
(Palena), 282 m s (Cisnes), and 643 m s (Aysen), with an annual
average of: 805 m s (Palena), 215 m s (Cisnes), and 523 m s
(Aysen).

3.2. Fjord response to wind forcing and freshwater discharge

The variability of the meridional residual current, meridional wind
stress, and freshwater input over a period of 8 months (August to March)
in the Moraleda Channel is investigated (Fig. 7). In line with previous
studies on both forcing mechanisms (freshwater and wind stress), a
lower percentage of freshwater was observed (<5%) in the channel in
August and September (winter) when the wind stress is directed to the
south and has elevated magnitude (>0.4 Nm , Fig. 7a and b). In winter,
the residual current in the upper 60 m of the water column is primarily
unidirectional towards the south (Fig. 7c, blue color), accompanied by a
southward flux toward the interior of the channel (Fig. 7d). The corre-
lation between the exchange flux in winter and the wind stress reached
up to 0.74, indicating that wind forcing dominates exchange processes
in the upper water column during winter.

In spring and summer (October to February), the percentage of
freshwater in the surface layer increases in the Moraleda Channel,
reaching up to 15% towards the end of November, and coinciding with a
northward wind (<0.2 Nm ). This generates a positive exchange flux to
the north (out-channel), maintaining the two-layer typical estuarine
circulation structure. In this time of year (spring and summer), there
were several southward wind stress events of high magnitude (~0.6
Nm ) which were able to modify the dominant positive exchange flux,
thus modifying the estuarine circulation to be unidirectional to the south
(in-channel) in the upper water column.

A depth-dependent cross-correlation between the wind stress and
residual current (Fig. 7e), along with monthly averaged profiles of the
residual current (Fig. 7f), indicate the relevance of the wind stress in the
modification of the vertical structure of the estuarine circulation. The
along-channel residual velocity in Moraleda Channel, up to 40 m depth,
is highly correlated with wind stress (Fig. 7e). The correlation goes down
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Fig. 4. EOF analysis of north-south current velocities filtered (cosine-Lanczos) with a 40-h half-amplitude. The vertical structure (eigenvectors) of the first two modes
for (a) ADCP and (b) the model. (c) Temporal variations (or principal component PC) for modes 1 for (black) ADCP and (red) the model and (d) scatter plot with

correlation index for PC 1 with r values as defined in equation (2).

Fig. 5. Spectrum of the current in the Moraleda Channel. a) Spectrum of the along-channel velocity in the Moraleda Channel; b) the cross-channel velocity spectrum;
and c) the variance explained by tidal and synoptic forcing from the total current velocity (ADCP).

to zero below 50 m depth. Investigating the monthly averaged profiles,
the current displayed a southward direction below 40 m depth, which
does not correlate with the wind. During the winter months (August and

September), the monthly averaged residual circulation in the upper 60
m of the water column displayed a unidirectional structure towards the
south, responding to the dominant wind stress (up-channel wind). In this
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Fig. 6. Histogram of the wind direction (gray bars) and the mean synoptic wind stress (red circle) where the black vertical bars represent the standard deviation. a)
Summer months: October, November, December, January, February, and March; b) winter months: April, May, June, July, August, and September.

Fig. 7. a) Percentage of freshwater in the Moraleda Channel; b) wind stress along the channel; c) along-channel residual current (ADCP, blue: current towards the
south, red: current towards the north); d) exchange flux (r =  0.74; between exchange flux and wind stress); e) cross-correlation profile between the wind stress and

residual current; f) average monthly profiles of the residual current along the channel (blue: winter profiles, gray: spring/summer profiles).

case the velocity at the surface reached up to 15 cm s  1 and 20 cm s  1,
respectively for August and September. A two-layer gravitational cir-
culation structure was observed in the spring and summer months that
was modified by wind in the upper water column. In this near-surface
layer, the wind-driven flow and gravitational circulation were either
competing (up-channel wind) or augmenting (down-channel wind)
depending on the wind direction. In the months of December and
February, the gravitational circulation structure was typically observed,
with surface velocities reaching 10 cm s and 20 cm s , respectively.
The majority of the flow required to balance the near surface inflow and
outflow occurs below the depth of the ADCP or is compensated for
elsewhere in the cross-section (horizontal variability) which will be
elaborated upon when presenting the numerical model output.

3.3. Influence of wind direction on residual flow

Wind stress was classified considering up-channel wind (southward)
and down-channel wind (northward). A sub-classification was carried
out within both classifications according to the magnitude of the wind
stress. During the measurement period (August to March), up-channel
wind events occurred more frequently (56% of the time) than down-
channel wind events (44% of the time). Up-channel wind events
considered to be strong (w £    0.06 Nm ) occurred 11% of the time
whereas strong down-channel events never occurred. Low down-
channel wind events (0.015 <  w <  0.03 Nm ) occurred 14% of the
time and weak down-channel wind events (0 <  w <  0.015 Nm )
occurred 21% of the time.

The response of the residual current to wind stress strength and
frequency is shown in Fig. 8. With down-channel wind events, the
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Fig. 8. a) Response of the monthly averaged residual current (ADCP) for each
wind classification and the b) variance profiles. The legend labels indicate
profiles for strong northward (Sn, w £    0.06 N m2), moderate northward (Mn,
 0.06 <  w <   0.03 N m2), low northward (Ln,      0.03 <  w <
0.015 N m2), weak northward (Wn,   0.015 <  w <  0 N m2), moderate south-
ward (Ms, 0.03 <  w <  0.06 N m2), low southward (Ls, 0.015 <  w <  0.03 N m2),
weak southward (Ws, 0 <  w <  0.015 N m2) wind stress and the wind velocity
mean (Vmean). Note that there were no instances of strong southward winds.

residual current was two-layer, indicative of gravitational circulation.
The magnitude of the residual velocity in the upper 30 m of the water
column increased proportionally with the magnitude of the wind stress.
Under the influence of up-channel wind events, the residual flow is
modified from the typical gravitational circulation vertical structure.
With low and weak wind stress, the residual flow vertical structure
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becomes three-layer. The first layer is the upper 10 m of the water col-
umn where the current follows the up-channel wind. From 10 m to 40 m
the current is dominated by gravitational circulation and is down-
channel. Below 40 m depth, the residual flow is directed up-channel.
The second type of structure produced by the up-channel wind events
(moderate and strong wind) is unidirectional to the south and these
events are capable of erasing the gravitational circulation structure. The
variance profile (Fig. 8b) shows a high variability over the upper 10 m
decreasing with depth.

3.4. Stratification and mixing

Using the hydrodynamic model, the influence of wind and fresh-
water forcing on stratification and mixing was investigated over a full
year (April 2018 to March 2019). The fall and winter months (April to
September) is when there is the least amount of freshwater (<5%) in
Moraleda Channel (Fig. 9a) and up-channel wind events of high in-
tensity and magnitude dominate (Fig. 9b). Values of the Richardson
number indicate a water column favorable for turbulent mixing from the
surface to 30–35 m depth in the fall and winter (R <  0.25; Fig. 9c). The
Brunt–Vaisala frequency was lowest during this season (Fig. 9d), as the
surface salinity increased (Fig. 9e). Two months stand out within this
described period; August and September when freshwater flows were
lowest and wind stress was high. During these month low Richardson
numbers (R <  0.25) reached from the surface to 35 m and the 32 psμ
isohaline reached the surface, which is in line with the low
Brunt–Vaisala values (N <  2*10 s ) and stratification parameter, n
(<0.015). These conditions are favorable for turbulent mixing down to a
depth of 35 m, which implies a high dilution of freshwater.

In the spring and summer months (October to March), the percentage
of freshwater increases (>10%) with a maximum between November
and December (>15%). The intensity of up-channel wind events de-
creases, and down-channel wind events become more frequent with the
minimal values of Richardson numbers (R <  0.25) in the upper 5–10 m
of the water column. Elevated Brunt–Vaisala values (N >4*10     s ) in
the upper 30 m of the water column, with salinity less than 30 psμ at the
surface (<10 m), and the stratification parameter n nearing 0.1 indicate
enhanced stratification during several periods in the spring and summer.

Fig. 9. Results from the hydrodynamic and climate model (WRF) showing a) the percentage of freshwater in the Moraleda Channel; b) wind stress along the channel
(WRF); c) gradient Richardson number profiles; d) Brunt-Vaisala; e) salinity and f) the stratification parameter (bottom =  60 m). The dashed line separates autumn/

winter from spring/summer.
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The extent of the influence of seasonal variations in stratification and
wind forcing on residual flow vertical structure is now investigated.

3.5. Residual circulation during up-channel and down-channel wind
events

An up-channel wind event occurred between the 16th and 26th of
September 2018 (11 days). This event was compared with a down-
channel wind event from November 27th to December 7th of 2018
(11 days) to assess the impact of wind forcing on residual circulation in
Moraleda Channel (Fig. 10a). Model runs with and without wind forcing
were analyzed for both events over the entire water column to extrap-
olate the information collected by the ADCP (moored at 60 m depth).
During the up-channel wind event (Fig. 10a), the freshwater percentage
was <5% in Moraleda Channel (Fig. 10a1). When wind was included in
the simulations, the along-channel residual currents show a two to three-
layer vertical structure with an upper inflow layer (southward), a lower
outflow layer (northward), and a near-bottom (between 100 and 350 m
depth) inflow (southward) that occurs only when the wind stress is
elevated (τ >  0.1 N/m ; e.g., September 16–17 Fig. 10a2 and a3). The
model without wind (Fig. 10a4) shows a clear two-layer vertical struc-
ture with out-channel (northward) current at the surface decreasing
with depth and in-channel (southward) current at depth (between 80
and 350 m). The stratification parameter, n , from the model with wind
showed values close to 0.005 while the stratification without wind was
much higher (n =  0.15), indicating that wind weakened and even
reversed the residual circulation (Fig. 10a5). The exchange flux was
predominantly directed in-channel (southward) from September 19–26
(Fig. 10a6). In comparison, the model without wind was continually
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stratified (n of 0.2), and there was a continuous out-channel (north-
ward) exchange flux of 5 cm s .

During a down-channel wind event (Fig. 10b), there is a greater
percentage of freshwater in the Moraleda Channel (>15%). The along-
channel residual current with wind now clearly displays a two-layer
vertical structure, with velocities reaching 20 cm s in the upper 20
m of the water column with strongest pulses of residual out-channel flow
when wind stress values were down-channel (positive) and elevated
(Fig. 10b2 and 3, e.g., December 6–8). The model simulation without
wind also shows a two-layer along-channel residual flow structure that
does not include the out-channel pulses of surface residual flow as wind
is not included (Fig. 10b4). It should be noted that when was not
included, the two-layer residual flow magnitude is larger for the down-
channel wind case (Fig. 10b4) than the up-channel wind case (Fig. 10a4)
due to the enhanced freshwater content in the channel during the
months when down-channel wind events occur. This is also reflected in
the stratification parameter, n , that was elevated (>0.2) in the model
without wind (Fig. 10b5) more so during the down-channel wind event
than the up-channel. However, in the model with wind, n reached a
maximum of 0.2 on November 28th and overall was much larger than
during the up-channel wind events. The exchange flux was continuous
and positive to the north at 10 cm s (Fig. 10 b.6). In comparison, the
exchange flux was greater (18 cm s ) in the model with wind, coin-
ciding with the highest magnitude of wind stress on November 5th.

The spatial variability of the along-channel residual flow during up-
and down-channel wind events is now investigated. During the up-
channel wind event the along-channel velocity at the surface is
directed up-channel on the eastern side and down-channel on the
western side. The surface up-channel flow is stronger than the down-

Fig. 10. a) Up-channel wind event, b) down-channel wind event. 1) Percentage of freshwater in the Moraleda Channel (Model); 2) wind stress along the channel
(WRF); 3) residual current along the channel (model with wind); 4) residual current along the channel (model without wind); 5) stratification parameter (bottom =

350 m) and 6) exchange flux.
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channel flow (Fig. 11b). The vertical structure of the along-channel re-
sidual flow is three-layer on the eastern side of the channel (Fig. 11a).
The near-surface (upper 50 m) along-channel residual current on the
eastern side of the channel follows the direction of the wind (south-
ward). Below 50 m depth there is outflow (from ~50 m–100 m depth),
and below 100 m depth there is inflow. On the western side of the
channel the along-channel residual flow is two-layer. The near surface
(upper ~100 m) along-channel residual flow is towards the north and
below ~100 m the circulation is to the south with lower velocity than
the near surface flow (<5 cm s ).

During a down-channel wind event, the along-channel residual flows
at the surface are directed out-channel (to the north) in the upper ~50 m
of the water column (>10 cm s ; Fig. 11c and d). Below ~50 m depth
the along-channel velocity is up-channel, with strongest up-channel
velocities in the center of the channel (average up-estuary velocity of
8 cm s ; Fig. 11c). The vertical structure of the wind-induced flow,
wind down-wind flows near the surface and a return flow at depth, re-
inforces the gravitational circulation in the channel. The up and down-
channel wind events indicate that the velocity response to the wind is
not symmetrical, and thus can lead to non-zero mean flow patterns.

4. Discussion

This study aimed to elucidate the competition between residual
circulation induced by freshwater input and by the wind. The spatial and
temporal variation in the residual circulation structure was also inves-
tigated in relation to seasonal stratification conditions, and the potential
for mixing in the Moraleda channel. A combination of in-situ collected
data and hydrodynamic model simulation output was used to study
these processes. The hydrodynamic model used in this study is one of the
most extensive models of Northern Patagonia to date. The results of this
study will now be discussed in relation to other fjords in Chile and
worldwide. The model and study limitations will also be mentioned.
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4.1. Tide, river, and wind influence in the Moraleda Channel

The tide has been found to greatly influence the circulation of
Patagonia’s inland sea. Aiken (2008) used a barotropic model of north
Patagonia’s inland sea to show that the most prominent feature is the
significant increase in tidal amplitude that occurs with distance from the
Boca del Guafo mouth both to the north and south. The amplification is
largest towards the north of the Boca del Guafo, with amplitudes of the
semidiurnal tides in Reloncavi Sound being up to a factor of 5 larger than
on the Pacific coast. At the southern end of the Aysen inland sea tidal
amplification is only a factor of approximately 2 larger than on Pacific
coastal waters (Aiken, 2008). In Moraleda Channel the semidiurnal and
diurnal tidal harmonics explained 20% and 3% of the variance of the
total current in the Moraleda Channel, respectively. This does not
coincide with the findings of Fierro et al. (2000), who characterized the
regime of tides and currents in the Moraleda and concluded that the
variance associated with the tidal currents was between 42% and 65% of
the total variance. This discrepancy could be due to the changes in depth
associated with the proximity to the coast where their observations were
taken close to Nassau Island and Puerto Ballena. In addition to tides,
freshwater and wind forcing were found to be influential in the Moral-
eda Channel.

The greatest contributions of freshwater to the Moraleda Channel
come from the Aysen (640 m s ) and Cisnes (334 m s ) Rivers, while the
Palena River (987 m s ) and the Northern Icefield basin (795 m s ), with
the largest discharges, present less of an influence. The Palena is the single
largest contributor of freshwater, but the river mouth is located north of
Moraleda channel entering directly into the Boca del Guafo. Freshwater
from the Northern Icefields is likely mixed out of the surface layer in
regions like the Meninea constriction/Sill (Fig. 1).

The typical annual variability of freshwater input from the rivers has
two maximums during winter and spring and one minimum in the
summer. The freshwater content estimated by the model at the ADCP

Fig. 11. Residual current from the numerical model (cyan circles indicate ADCP location). a) Along-channel residual velocity averaged over up-channel wind event,
b) surface along-channel residual velocity averaged over up-channel wind event. c) Along-channel residual velocity averaged over down-channel wind event, d)

surface along-channel residual velocity averaged over down-channel wind event.
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mooring site showed two minimums (<5% freshwater contribution) in
April and August–September. In April (early fall), the freshwater input
was low, and the wind was moderate to low, directed predominantly to
the south. In August–September (autumn and winter), freshwater input
was high, but elevated wind to the south dominated and near surface
mixing diluted the freshwater influence, a result consistent with Ruiz et
al. (2021). The percentage of freshwater in Moraleda Channel was
highest in November, which coincides with the maximum freshwater
input from the rivers and moderate northward winds, which favor
stratification in the water column. In contrast to the seasonal timescales
of the variation in buoyancy, wind forcing was found to be highly var-
iable over shorter time scales. Wind forcing has been found to be highly
correlated with current velocities (Lange and Burchard, 2019) and the
impact of wind forcing on residual flows will now be discussed.

4.2. Modification of residual flows by wind forcing

Results of this study indicated that freshwater input and wind are the
two primary forcing mechanisms of residual circulation in the Moraleda
Channel, with the extent of their influence varying depending on the
season. In fall and winter months, up-channel wind dominates,
enhancing mixing and reducing stratification. During these seasons, the
wind can modify the estuarine circulation or reverse its direction. In
spring and summer, the residual circulation is gravitational, which when
coupled with a down-channel wind, maintains and enhances the gravi-
tational circulation. Results suggest that the residual flows are signifi-
cantly correlated with the wind stress along the channel. The correlation
between wind stress and along-channel current velocities were found to
reach 0.7 in the upper 30 m of the water column (Fig. 7e). Valle-Le-
vinson et al. (2002) focused their study on understanding the estuarine
exchange flow in a Patagonian Fjord with an emphasis on investigating
the wind forcing. They concluded that the wind forcing can modify the
typical two-layer circulation structure in fjords and asserted that
up-fjord wind becomes a barrier to the exchange flow and down-fjord
wind can enhance the two-layer exchange, however they were not
able to confirm this result due to a lack of data. The results of this study
were able to confirm the findings of Valle-Levinson et al. (2002) and go
further to examine the seasonal and spatial extent of wind forcing in
Patagonian fjords and channels.

Elevated up-channel winds made up ~25% of all wind directions and
magnitudes considered in this study. These wind events caused the re-
sidual current in the upper water column to be directed up-channel,
which weakened or halted the gravitational circulation (Fig. 8a).
Weak up-channel winds produced a three-layer vertical residual flow
structure, where the wind-driven residual currents were found from the
surface to 10 m depth. In the case of down-channel wind, the two-layer
estuarine structure is maintained, and the greater the magnitude of the
wind stress, the greater the out-channel velocity of the surface layer. As
mentioned by Valle-Levinson et al. (2014), fjord circulation is typically
assumed to be driven by density forcing and be two-layer. However,
they observed that a three-layer structure can be observed, and is driven
by the tide in deep fjords, characterized by a water column depth that is
six or more times greater than the depth of frictional influence. The
Moraleda Channel is deep (>300 m), but tidal forcing was found to be
weak (<20% of the total variability). A three-layer residual flow struc-
ture was observed however but is explained by wind forcing. The study
by Valle-Levinson et al. (2014) found that the three-layer tidally-driven
residual circulation structure could become masked by wind-driven
flow.

The influence of wind on the residual currents in the Moraleda
channel depend on the competition between wind direction and
magnitude and freshwater input which enhances the baroclinic pressure
gradient. Both the model and observations show transient episodes, in
which the wind stress can provide momentum to the water column. This
wind action can act in opposition to the baroclinic pressure gradient and
modify the dynamics during these events (Farmer and Freeland, 1983;
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Inall and Gillibrand, 2010; Valle-Levinson et al., 2002). This was
observed in the Jacaf channel, located adjacent to the Moraleda channel,
in a study by Pinilla et al. (2020).

In terms of wind altering stratification in the Moraleda Channel, the
results of this study are consistent with the regimes described in
Perez-Santos et al. (2014) and Ruiz et al. (2021), who also found sea-
sonal variability in the channel. In the partially mixed Chesapeake Bay,
Scully et al. (2005) observed that wind forcing can act to strain the
density gradient and control vertical stratification. Subsequently, Chen
et al. (2009) and later Xie and Li (2018) studied wind effects on strati-
fication in partially mixed estuaries. They found that the wind effect on
estuarine stratification depends on if the wind direction and intensity
allows for enhanced mixing or enhanced stratification. Both studies
found that moderate down-channel winds enhance stratification, but
strong down-channel directed winds and all up-channel directed winds
reduce stratification. The results of this study in a fjord and channel
system in Patagonia has shown that this same result can be found in
highly stratified, deep estuaries. This effect could be found in other fjord
systems due to the mountainous landscape funneling along-channel
winds.

To generalize the seasonal variation in residual circulation patterns
of the study in Moraleda Channel, a schematic diagram is presented and
represents the residual flow throughout the water column during both
up- and down-channel wind events (Fig. 12). In the fall and winter
seasons the residual circulation has a 3-layer vertical structure due to
wind blowing up-channel and counteracting the gravitational circula-
tion pattern (Fig. 12a). The three-layer structure is found on the eastern
side of the channel, whereas there is a two-layer vertical structure on the
western side, indicating horizontal exchange flux in addition to vertical
(Fig. 11a and b). These results are in agreement with the findings of Wan
et al. (2022) who found that wind forcing can produce cross-channel
variability in circulation patterns even in narrow fjords. During this
scenario, the pycnocline is stretched as salt water is mixed with fresh
surface water in the upper layer, causing the exchange flux to decrease.
During the spring and summer seasons, the wind blows down-channel
and the residual flow vertical structure is dominated by gravitational
circulation and accentuated by the wind-driven outflow at the surface.
This maintains the pycnocline, weakens mixing and elevates the ex-
change flux (Fig. 12b).

4.3. Study limitations

The hydrodynamic model evaluated in Moraleda channel was able to
reproduce the two-layer estuarine circulation structure during spring
and summer, when the south wind is less intense or blows north.
However, the model has a lower capacity to reproduce the intensity of
the current when strong winds blow to the south, mainly in winter. This
may be due to several factors. For example, the WRF model does not
adequately reproduce the intensity and direction of the wind in Moral-
eda channel. Although the WRF evaluation against data showed rela-
tively good agreement at one point, there may be an increase in the error
of the WRF model in the Moraleda channel. Another possibility is that
the parameterization of the wind stress within the hydrodynamic model
is not totally adequate to the conditions of the Moraleda channel.
Finally, the representation of the horizontal density gradient could be
overestimated, generating an inadequate balance. This would result in
transient events of intense southward wind that influence the current to
be underestimated by the model. Therefore, results from these periods
must be taken with care. Overall the model does reproduce the process of
changes in the flow structure, therefore, for the purposes of this study, the
information from the model is deemed useful to help understand
mixing and stratification processes as well as general residual circulation
patterns.

One additional limitation is the limited depth of the ADCP mea-
surements in Moraleda Channel. The channel is 368 m deep at the
mooring location, yet the ADCP collected data in the upper 60 m of the
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Fig. 12. Schematic representation of the residual circulation in the Moraleda channel for up-channel wind events and b) down-channel wind events. The arrows
indicate the direction of the residual flow, S is salinity (represents the upper layer), ΔU is the exchange flux, Ri is the Richardson Number, and the black circular

arrows indicate mixing.

water column due to mooring and instrument constraints. To the best of
the author’s knowledge there is no available observational data over the
entire water column in Moraleda Channel. Therefore, the formation of
the 3-layer vertical residual flow structure forced by the southward wind
is from the numerical model at depths not validated with measurements.
However, as there is evidence of the existence of 3-layer vertical residual
flow structures in other channels and fjords of Patagonia (Valle-Levinson
et al., 2014), we believe our results represent a reasonable and likely
finding in Moraleda Channel. It is recommended that future studies
consider collecting measurements in the lower water column to confirm
these results.

5. Conclusion

A combination of in-situ collected data and atmospheric and hydro-
dynamic models were used to understand the contribution of freshwater
and wind forcing to residual circulation, stratification and exchange flux
in a channel that connects part of northern Patagonia with the Pacific
Ocean. Results showed that the along-channel residual flow in the
Moraleda Channel is primarily gravitational, induced by the low surface
density from multiple rivers and glacial melt inputting freshwater into
the fjord and channel system. The intensity of the gravitational circu-
lation is seasonal and dependent on the wind intensity and direction. In
spring and summer months’ gravitational circulation dominates and is
reinforced by dominant down-channel winds from the south favoring
stratification. In the fall and winter seasons the gravitational circulation
is modified by elevated up-channel winds, which diminishes and even
reverses the exchange flux creating a three-layer vertical residual flow
structure on the eastern side of the channel and a two layer structure on
the western side. The increase in vertical shear of the current due to the
wind influence increases mixing in the water column, which weakens
the pycnocline. The seasonality of the channel is due to Moraleda’s
sensitivity to wind, which is explained by its north-south orientation and
mountainous landscape that funnels winds in the axial direction.
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