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ABSTRACT

TRANSVERSE VARIABILITY OF THE FLOW AND DENSITY IN INLETS OF
SOUTHERN CHILE

Mario A. Cdceres 
Old Dominion University, 2001 

Director: Dr. Arnoido Valle-Levinson

Measurements of velocity and density profiles were made to describe the flow 

transverse structure in three inlets of southern Chile. The inlets show marked differences 

in their transverse dynamics in response to external forcing. In Aysen Fjord (45.2° S) the 

mean flow showed a three layer structure that was consistent with up-fjord wind-induced 

exchange, while in Chacao Channel (41.8° S), the mean flow exhibited predominantly a 

lateral structure that featured sharp velocity shears. In both cases, a bank in the center of 

the sections seemed to play an important role in shaping the mean flows. In Ventisquero 

Sound (44.4° S), the presence of a sill/contraction combination determined differences in 

the residual circulation on both sides of the contraction. The subtidal transverse 

momentum balance in Aysen alternates from quasigeostrophic during calm winds to a 

frictional layer and quasigeostrophic interior during periods of wind forcing. In Chacao, 

both advective accelerations and friction seem to play a major role in the transverse 

dynamics. In Ventisquero Sound, advective accelerations were dominant to the north of 

the contraction and over the sill. Typical nondimensional groups such as Rossby number, 

Ekman number, Reynolds number and Richardson number revealed dynamic similarities 

and differences among the different systems.
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1

INTRODUCTION

1.1 Background

Fjords are high latitude estuaries that are usually long relative to their width, 

relatively steep sided and deep, normally possess one or more sills, and usually feature a 

river discharging at their most upstream reaches (their head). The study of fjords and 

inland seas is challenging because of the different forcings that affect their 

hydrodynamics. The variability of their coastline geometry, the amount and location of 

the freshwater inflow, the external conditions of wind and tide and also the frequent 

influence of the nonlinear processes complicate the understanding of these systems. In 

addition, the presence of sills and bumps plays a relevant role in many fjord problems. In 

the fjords and Inland Sea of southern Chile, basic knowledge such as the dynamic balance 

that determines the flows remains undescribed. As in other types of estuaries, studies in 

fjords have focused particularly on the understanding of the longitudinal and vertical 

variability of the flow, while the transverse distributions have received relatively little 

attention. The works of Freeland etal. [1980] and Farmer and Freeland [1983] provide 

extensive reviews and abundant references about the circulation in fjords, confirming that 

the preferential interest has been given to the longitudinal and vertical dimensions.

The hydrodynamics of fjords are usually assumed to have an along-fjord momentum 

balance in which the pressure gradient is balanced by friction or advective accelerations 

(in constrictions), and a lateral geostrophic balance, i.e., between Coriolis accelerations 

and pressure gradient accelerations [Dyer, 1997].

The Journal o f Geophysical Research was used as the Journal model
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Modifications to the geostrophic lateral balance in a shallow estuary have been 

demonstrated by Dyer [1977], when centrifugal forces and wind stresses have become be 

important. In fjords, the geostrophic approximation has been demonstrated to be valid in 

fjords of British Columbia [Cameron, 1957] and in Juan de Fuca Strait [Tully, 1958], but 

more intensive and extensive work is required to understand the mechanisms modifying 

this balance in deep estuaries. The purpose of this study is to describe the basic properties 

of the transverse variability of flow in three regions of the Chilean Inland Sea. The 

relative contribution of the terms in the across-channel momentum balance is assessed in 

the cross-sections. Typical nondimensional groups such as Rossby number, Ekman 

number, Reynolds number and Richardson number are used to establish dynamic 

similarities and differences among the different systems.

1.2 Geographical area of interest

The general area of interest includes the coastal ocean, fjord and inlets of southern 

Chile between 41° S and 47° S (Figure 1). The tidal regime throughout the Inland Sea is 

mixed, predominantly semidiurnal. The tidal range in this area is variable. On the 

adjacent continental shelf and in the Inland Sea to the south of Guafo Mouth tidal ranges 

may reach -2  m, but in the Gulf of Ancud and Reloncavi Sound tidal ranges are about 

-6.5 m. The reason for this amplification is still under investigation, but it may be 

partially explained by resonant effects on the tide that enters through Guafo Mouth and 

propagates northward, along the east side of Chiloe Island up to Ancud Gulf. This 

hypothesis is supported by tidal gauge records showing a continuous increase of tidal 

ranges from Guafo Mouth (-2  m) to Ancud Gulf (-7  m).

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



75 °  74 °  73 "

Figure 1. General study area. Boxes indicate regions of interest: Chacao Channel, 
Ventisquero Sound and Aysen Fjord
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Fresh water inputs are provided by many rivers entering the Inland Sea along the 

eastern coast where they drain from the Andes mountain range. According to Niemeyer 

and Cereceda [1984], the largest average annual discharges in the region have been 

reported for rivers feeding to Reloncavi Fjord (-900 m3/s) and Aysen Fjord (-620 m3/s). 

The annual regime of freshwater discharges in the region exhibits two annual peaks 

corresponding to the autumn increase in precipitation (April-June) and the summer 

melting of snow (October-February). The typical depths in the Inland Sea range from 100 

to 200 m. Most of the western border of the archipelago between 45° S to 47° S (south of 

Guafo Mouth) exhibits a moraine of about 60 m depth, which limits the exchange of 

estuarine waters with saline waters from the shelf. Hence the two main locations for 

exchanges between saline and estuarine waters are the Guafo Mouth and Chacao 

Channel. Owing to the effect of the freshwater inputs in the eastern side, there is a well 

defined pycnocline shallower than 15 m in most of the fjords with a river in its head 

[Silva et al., 1995, Silva et al., 1997].

On the basis of data obtained at Guafo Island (Figure la) by the Meteorological 

Service of the Chilean Navy (SMA), the wind regime for this region of the Inland Sea is 

dominated by southerly and southwesterly winds during spring and summer (Oct-Mar), 

and northerly and northwesterly winds during fall and winter (April-Sept). The mean total 

annual precipitation (1968-1999) for stations around the study area fluctuates between 

1100 and 2100 mm (SMA, pers. comm.)

The first systematic study of the hydrography of the deep Chilean estuaries and fjords 

was done by Pickard [1971]. He described a survey that consisted of 175 stations in 32

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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inlets (fjords) and the adjacent outside passages. Sampling was done in March 1970 (early 

Fall). His main conclusion was that owing to the lack of shallow sills no stagnant waters 

were observed. He recommended investigations on seasonal variability, river runoff, and 

precipitation. More than 20 years later, during October 1995, a similar oceanographic 

cruise (named Cimar Fiordo 1) was carried out by the Chilean Oceanographic Committee, 

in the inland water between Puerto Montt and San Rafael Lagoon. A circulation pattern 

based on hydrographic casts was hypothesized. During 1998 a second cruise with similar 

characteristics, named Cimar Fiordo 4, was carried out in the region. Its findings provided 

a better understanding of the Cimar Fiordo 1 results.

1.3 Specific regions of interest

Three regions of the Inland Sea have been explored in joint CCPO (Center for 

Coastal Physical Oceanography)-Chilean Institution field work. The information derived 

from these efforts shall be essential to the objectives of this study. The first region is 

Aysen Sound, the second region is Chacao Channel, at the northern communication 

between the Inland Sea and the continental shelf, and the third one is Ventisquero Sound 

(Figure 1). These three regions were chosen separately, for different reasons, at the time 

of sampling, bu are put into a similar context in this work.

Region I: Aysen Sound

Aysen Sound is a fjord-like inlet with a length of about 65 km measured between its 

mouth and its head, and an average width of about 6.5 km. Its average depth is 217 m, 

and exhibits a sill of about 125 m depth in the region of its mouth. The orientation of the 

fjord in its first 30 km from the mouth is in the SW-NE direction. The orientation changes

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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in the following 25 km to the NW-SE direction, and to the SW-NE direction in the last 10 

km (toward the head). As Aysen Sound is glacially carved and has a fjord-like 

morphology, henceforth it will be referred to as Aysen Fjord. The main forcing agents in 

the vicinity of the mouth of the fjord are postulated to be tidal forcing, local wind stress 

and river discharge. Mean tidal ranges are about 2.5 m in the region of the mouth [Fierro 

etal., 1999] and 2.2 m inside Aysen Fjord [SHOA, 1993b].

Region 2: Chacao Channel

Located at the northernmost part of the region of fjords in the Chilean Inland Sea, 

this channel represents one of the two direct openings between the ocean and the Inland 

Sea, the other being Guafo Mouth. Chacao Channel connects the open ocean with the 

Gulf of Ancud in the east-west direction and is approximately 40 km long with an 

average width of 4 km. Tidal currents of about 4 m/s are customarily observed in this 

channel. At its narrowest portion (2.2 km) the bathymetry exhibits a prominent pinnacle 

of 20 m depth placed at the center. This pinnacle separates the flow in two branches. One 

over the northern and deeper area (120 m), and the other one over the southern and 

shallower area (70 m). Flow measurements have confirmed the presence of enhanced 

quarter-diurnal and sixth-diumal overtides over the southern branch, while CTD 

(Conductivity, Temperature and Depth) casts have shown a mixed water column. The 

differences in tidal ranges reported from tidal gauge records in both extremes of the 

channel [SHOA, 1993a], ~2 m over the adjacent shelf region and 5-7 m in the Gulf of 

Ancud, explain the strong tidal currents observed.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Region 3: Ventisquero Sound

Ventisquero Sound is a fjord-like inlet located in the region of the Chilean Inland 

Sea, and it is part of the northernmost end of Puyuguapi Channel (Figure I). Typical tidal 

ranges are around I m [Valle-Levinson et al., 2001a]. The geomorphology in Galvarino 

Pass, a pass connecting the northern and southern regions of Ventisquero Sound, 

represents a coastline contraction of about 90%, decreasing from 2000 m to 200 m in just 

1500 m in the along-channel direction [Valle-Levinson et al., 2001a]. Depth varies from 

40 m on the norhtem side of the pass to 10 m at the shallowest portion of the sill to 80 m 

south of the pass. The bottom slopes by roughly 30%. Freshwater inputs to Ventisquero 

Sound are provided mainly by two ungauged small streams discharging in the northern 

side of the contraction. The interaction of the tidal currents with the sill/contraction 

combination in the region of the pass should make advective accelerations important for 

the momentum balance.

1.4 Data availability

Current measurements and vertical profiles of temperature and salinity already 

obtained in the three regions indicated above provides the basis for the analysis of the 

research questions indicated below. In the three systems the current data collection was 

made using an Acoustical Doppler Profiler (ADCP) and a Global Positioning System 

(GPS) interfaced to a laptop computer. The ADCP was mounted on a catamaran -1.2 m 

long, which was towed from the starboard side of a local boat at speeds between 2 and 2. 

m/s. Velocity profiles obtained in this way traversed the inlets under study for at least 8 

times during one complete semidiurnal tidal cycle.
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The semidiurnal tide is separated from the subtidal signal of the observed flow 

components using sinusoidal least squares regression analysis. After determining the 

subtidal flow, the relative magnitude of the terms reliably estimated in the across-channel 

and along channel momentum balance will be scaled to assess their relative contribution 

to the corresponding momentum balance. Dimensionless analysis will be used to assess 

dynamic similarities among the three systems.

1.5 Research questions 

The transverse dimension

In analytic studies of estuarine systems, it has been common practice to assume that 

lateral variations in the flow are small. Estuarine investigations have typically focused on 

longitudinal and vertical features of the circulation and parameter distribution. It has been 

only recently that cross-sectional variabilities have shown to be equally significant 

[Wong, 1994]. The idea that flows are not constant across the cross-section, and that this 

is likely to be the norm rather than the exception is becoming prevalent. Thus the laterally 

homogeneous assumption is not realistic since the magnitude of the circulation may be 

unevenly distributed across the estuary [Dyer, 1977,1997].

The importance of the transverse dimension is exemplified by the fact that lateral density 

gradients may maintain net across-channel flow, and across-channel differences in 

velocity and dissolved/suspended material concentrations may have a large effect on 

material longitudinal fluxes [Kjerfve et al., 1981]

In this study I explore the relative contribution with the terms in the across-estuary 

momentum balance, making some comparison with the terms in the along-estuary
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momentum balance. The terms in the across and along-channel momentum balance that 

may be reliably estimated from the sectional distributions will be identified. These 

estimates are oriented to answer the following questions

• What are the contributions of the terms in the across-channel momentum balance to 

the lateral dynamics?

• Are the magnitudes of the terms in the along-estuary momentum balance comparable 

to those of the across-estuary channel momentum balance?

In order to further explore the latter question, I also make a comparison of the 

subtidal velocities in the component along-estuary with those of the across-estuary 

dimension.

In Aysen Sound, the across-channel dynamics could be simplified by geostrophy, but 

the effects of the wind and bathymetry might be important to the lateral balance. In 

Chacao Channel, strong tidal currents interacting with rough bathymetry should cause 

flow nonlinearities that might enhance the advective and frictional terms. In the case of 

Ventisquero Sound, the sill/contraction combination should make advective terms 

important in the dynamics.

Once I identify the important terms in the dynamics, I should also be able to assess 

the main forcing determining the balance. Circulation in estuaries is generally produced 

by density gradients, tidal forcing, wind stress, river discharge, and coastal sea level
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fluctuations. Bathymetry and the earth’s rotation may also influence the flow. In fjords, as 

in some estuaries, tidally induced and density-driven flows should be the major 

components of the subtidal flow [Li et a i, 1998]. In the case of Aysen Fjord and 

Ventisquero Sound, we should expect both baroclinic and barotropic components 

competing, with transient influences of wind-induced flow, and tidal mixing by the effect 

of the sill/contraction in the case of Ventisquero Sound. In the case of Chacao Channel 

barotropic pressure gradients should be balanced by friction, as the main sources of fresh 

water are located far from the tidal excursion region.

Subtidal flows

Residual currents are the net direction and amplitude of water movement after the 

semidiurnal or shorter sinusoidal tidal currents have been removed. They can be 

generated by wind, density gradients, or rectification of the sinusoidal tidal currents. 

Concerning the latter mechanism, tides may generate residual currents through: 1) 

nonlinear bottom friction, 2) the nonlinear terms in the continuity equation, and 3) the 

nonlinear advective terms in the momentum equation. Residual flows are important in a 

broad range of estuarine phenomena including dispersion of salt, turbidity maxima 

generation, phytoplankton dispersion, and pollutant and suspended sediment transport 

[Jay and Smith, 1990].

For the purposes of this study, the concept of ‘mean flow’ occurring in a semidiurnal 

tidal cycle will be used interchangeably with ‘residual current’. As flow and bathymetry 

differ in these systems, I should expect differences in the corresponding sectional 

structures of flow. Then the specific main questions would be
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• What are the main features of the lateral structure of the along-cbannel mean flow in 

the three systems under study?

• What are the magnitudes and lateral distribution of the semidiurnal tidal flows?

As most of the estuarine flux variability occurs in response to tidal currents, the 

understanding of the tidal amplitude distributions in the cross-section constitutes a key 

issue to be addressed. The main properties of mean flow in the lateral direction should be 

a result of the main forcing in the cross-section. An understanding of the properties of the 

flow should arise from the analysis of the across-estuary distribution of the mean along- 

estuary flow.

Topographic effects

Subtidal flows may also be affected by bottom topography. Tides interacting with 

the topography of the water body, transfer energy from the short period (of the order of 

one day or less) to long term residual motion. When this occurs, the role of advective 

terms in tidally generated residual circulation becomes important to the momentum 

balance [Murty et al., 1980]. The specific question to be addressed is

• What are the effects of the bottom topography on the cross-sectional distributions of 

subtidal flows and momentum balance terms?

Theoretical approaches to a basin with a rectangular cross-section [lanniello, 1977,
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1979,1981] have described tidally induced mean flow to be landward on the surface and 

seaward below. This is opposite to the results of Pritchard [1956] and Hansen and 

Rattray [1965], which exhibit typical gravitational circulation with seaward flow in the 

upper layer and landward below. More realistic approximations to natural systems using 

nonrectangular cross-sections [Wong, 1994], have shown that lateral variations of depth 

cause lateral variations of turbulence and bottom friction, which result in a tilt of the 

gravitational circulation. Under this scenario, lateral shears would become important in 

the transverse dimension. The landward flow thus tends to be located in the channel, and a 

seaward flow on the shoals, as shown by Wong [1994], Li and O ’Donnell [1997] and 

Valle-Levinson and Lwiza [1997]. Making use of simple qualitative estimations, Kjerfve 

[1978] has shown that in well mixed, high salinity estuaries net circulation experiences 

ebb-directed flow in the deeper channel and flood directed flood in the shallower channel. 

As the three systems have different bottom profiles and coastline morphology, we should 

expect different effects in the flow. Chacao Channel exhibits a high aspect ratio pinnacle 

in the center of the cross-section; Aysen Fjord also has a bank of low aspect ratio in the 

center of the section; cross-sections in the north and the south of Ventisquero Sound 

exhibit almost rectangular sections, and the sill/contraction dominates the bottom profile 

in the along-fjord direction.

Dynamic similarity

The three systems will be analyzed separately in terms of their cross-section 

properties and the scaling of the terms in the momentum balance. The specific question 

to be addressed is
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• Are the three systems under study similar among them from the point of view of 

their dynamics?

We know that two flows having different values of length scales, flow speeds, or 

fluid properties can be apparently different, but still “dynamically similar”. Making use of 

nondimensional analysis, I explore the dynamic similarity among the flows in the cross- 

sections. The idea of dimensionless products is intimately associated with the concept of 

similarity. For example, flows having similar values of Reynolds number may be 

dynamically similar. For this particular case, I use nondimensional numbers like the 

Rossby number, Ekman number (horizontal and vertical), Reynolds number (horizontal 

and vertical), and Richardson number, in order to establish similarities and differences 

among flows in the three systems. The depth to tidal range ratio is also used as a 

nondimensional number involving a geometric characteristic of the cross-sections.

1.5 Significance of the research

In spite of its ecological importance, the region of the Chilean Inland Sea 

indicated in Figure 1 has received little attention. From the point of view of the physical 

oceanography, understanding of basic processes, such as the main characteristics of its 

circulation, still remain unsolved. The understanding of the mechanisms controlling 

circulation is still rudimentary. The present study shall contribute to the understanding of 

the main features of the circulation in the Chilean Inland Sea.

The few field efforts carried out so far in the region have been biased toward the 

longitudinal and vertical dimension previously observed in other estuaries. Making use of
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field efforts that used towed ADCP measurements in fjords of southern Chile, this study 

favors the across-estuary dimension. In doing this, it is expected to effectively advance 

the understanding of the transverse variability of flows in the region.

The proposed study should also contribute to advance the general knowledge on: 1) 

Dynamic balances in fjords, and 2) Effects of the bathymetry and coastline geometry on 

the flow characteristics.

The following sections present the individual results obtained in Aysen Fjord 

(Section 2), Chacao Channel (Section 3) and Ventisquero Sound (Section 4). A study 

about dynamic similarities among the three systems is performed in Section S.
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REGION OF AYSEN FJORD

2.1 Introduction

As indicated previously, the hydrodynamics of fjords are usually assumed to have 

lateral geostrophic balance, i.e., between Coriolis accelerations and pressure gradient 

accelerations [Dyer, 1997]. The geostrophic approximation has been demonstrated to be 

valid in fjords of British Columbia [Cameron, 1951] and in Juan de Fuca Strait [Tully, 

1958]. However, wind stress may frequently become relevant to the lateral dynamics. 

Wind stress may also reverse the classical mean vertical velocity profile in estuarine 

systems . For instance, year-long series of current measurements in a coastal-plain estuary 

have shown that, at least during 21% of the time, inflow was observed on the surface and 

outflow near the bed [Elliot, 1978]. This effect may not be very different in fjords. Their 

steep coastal walls may confine the wind flow, thus enhancing the along-fjord intensity of 

wind and hence the wind-induced flow. The reversal of the surface layer flow by up-fjord 

winds has been well documented in British Columbia [Pickard and Rodgers, 1959; 

Farmer, 1976; Farmer and Osborn, 1976] and Norway [Svendsen and Thompson, 1978; 

Svendsen, 1980]. In some cases wind has been postulated to be one of the main forcing 

agents for deep water renewal [Gade, 1973; Gade and Edwards, 1980]. Some efforts 

have been made to model the wind-driven circulation in fjords [Klinck et al., 1981; 

Krauss and Brugge, 1991]. The across-fjord variations of the flow, nevertheless, are still 

a matter that requires more scrutiny. The objective of this study is to document the lateral 

structure of the flow and density fields near the mouth of a Chilean fjord. The objective is 

pursued with measurements of velocity and density profiles obtained at a cross-fjord
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transect over a bank located near the mouth of Aysen Sound in southern Chile, South 

America.

2.2 Study area

Aysen Sound (Figure 2b) is a fjord-like inlet with a length of about 65 km measured 

between its mouth (station C in Figure 2) and its head (Station J in Figure 2), and an 

average width of about 6.5 km. The average depth in the longitudinal section (Stations 

A-J in Figure 2) is 217 m, with maximum values of 360 m in the outer basin at the mouth 

(C) and 350 m in the inner basin (H-I). It has a sill of about 125 m depth located to the 

west and east-southeast of Colorada Island (station E in Figure 2), and banks of 60,90 

and 90 m at stations F, G and H, respectively (Figure 2). The orientation of the fjord in its 

first 30 km from the mouth is in the SW-NE direction. The orientation changes in the 

following 25 km to the NW-SE direction, and to the SW-NE direction in the last 10 km 

(toward the head).

Waters of oceanic origin reach the fjord chiefly from the north through the Meninea 

constriction (Figure 2b). Modified Subantarctic waters of salinity 32.0 may fill the deep 

basin (210 m deep, letter A in Figures 2b and 2c) to the south of the Meninea constriction 

according to Silva et al. [1995]. Because of this constriction, along with the shoalings 

(-50 m) at Middle Passage( B) and to the south of Elisa Peninsula in Figure 2b, and also 

because of the narrow channels that connect the study area with the ocean 50 km to the 

west, the estuarine circulation in Aysen Fjord is believed to be little affected by remote 

forcing generated on the continental shelf (outside the Inland Sea). To the south of Costa 

Channel the system receives fresh water inputs from small rivers and glaciers and its
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exchanges with the open ocean are strongly reduced by the presence of narrow (<1 km 

width) and shallow (-50 m) channels. Owing to this insulating morphology, the main 

forcing agents in the vicinity of the mouth of the Aysen Fjord are postulated to be tidal 

forcing from the coastal ocean, local wind stress, and river discharge. The main 

characteristics of these forces in the region are outlined below.

The tidal regime throughout the Inland Sea is mixed, predominantly semidiurnal. 

Outside of Aysen Fjord, four months of sea level measurements made during spring 1998 

in the vicinity of Meninea constriction and at the entrance to Costa Channel, have shown 

Mi tidal amplitudes of 76.33 cm and 81.67 cm, respectively, for these locations [Fierro et 

al., 1999]. They have also revealed mean tidal ranges during spring tides of 2.46 m and 

2.64 m at the same locations. Inside Aysen Fjord, similar ranges of 2.2 m in Puerto Perez 

and 2.7 m at the head of the fjord (C, Figure 2b) also have been reported for this region 

[SHOA, 1993b]. Following Stigebrandt [1977], the amplitude of the tidal current (u) in 

the bank region should be about 0.12 m/s, using u=aYw/A, where w is the frequency of 

the semidiurnal tide (27t/12.42h.), a is the mean amplitude in water level at Puerto Perez, 

Y is the horizontal area of the fjord (350 km2), and A is the cross sectional area at the 

bank (0.5 km2). As confirmed by this study, tidal currents were in the range of 0.1 to 0.2 

m/s. These are similar to the wind-induced currents in the fjord.

The wind regime in this region of the Inland Sea is dominated by southerly and 

southwesterly winds during spring and summer (Oct-Mar), and northerly and 

northwesterly winds during fall and winter (April-Sept). Westerly and southwesterly 

winds may favor wind-driven, up-fjord surface circulation at the mouth and in the outer
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half of the fjord, which would decelerate the surface layer mean outflow. North and 

northwesterly winds could be important for wind-driven circulation in the inner half of 

the fjord, as the low land profile at the northern region of Puerto Perez may favor winds 

coming from that direction.

The main source of fresh water to the fjord is provided by Aysen River (Figure 2). 

Similarly to many other Andean and trans-Andean rivers, Aysen River exhibits two 

annual peaks of discharges at the head corresponding to the autumn increase in 

precipitation (April-June) and the summer melting of snow. Sampling for this study was 

carried out in October, close to the snow melting peak in November. The mean annual 

river discharge is estimated to be 620 m3/s [Niemeyerand Cereceda, 1984] and the mean 

total annual precipitation (1968-1999) for stations around the study area fluctuates 

between 1100 and 2100 mm (SMA, pers. comm.)

In the transition zone at the mouth between C and E (Figure 2), a strong horizontal 

salinity gradient at the surface (-12.5 /10 km) has been observed in March [Silva et 

al., 1995], September [Mufioz et aL, 1992] and November [Silva et al., 1997]. This feature 

suggests the presence of a tidal intrusion front in the region of confluence between the 

brackish layer coming from the fjord and the intrusion of salty water from the west. As 

salinity is representative of the density field in this region, this will be used hereafter 

when describing density patterns. A satellite image obtained in February 1993 (Figure 3), 

also suggests the shape of the front, which might represent the tidal intrusion going into 

the fjord on the northern side and the brackish water tending to leave the fjord on the 

south.
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This study concentrated on the bank near the mouth located in the box marked F in 

Figure 2b, and had the objective of examining the transverse variability of the flow 

associated with this bathymetric feature. The working hypothesis was that the transverse 

dynamics would reflect geostrophic conditions: inflow of saltier water on the northern 

side and outflow of fresher water on the southern side, as suggested by Munoz et al.

[1992] and also by the satellite image in Figure 3.

2.3 Data collection and processing

Current velocity and density measurements were obtained between October 14-17, 

1998 in the vicinity of the mouth of Aysen Fjord, in order to describe the transverse 

structure of density and flows in that region. Current profiles were obtained along a -3- 

km long cross-fjord transect (Figure 4) using a RD Instruments 307.2 kHz towed 

Acoustic Doppler Current Profiler (ADCP) during a complete semidiurnal tidal cycle on 

October 16. The across-fjord transect was traversed 20 times during the 11 hours of data 

collection. The sampling began at 13.00 h and had a time interval of -33 min between 

repetitions. The ADCP was mounted looking downward on a catamaran 1.2 m in length, 

which was towed at approximately 2.5 m/s on the starboard side of the local boat 

“Cordillera I” on October 16. The ADCP recorded ensembles of 8 pings averaged over 30 

seconds. Bin size was 4 m and the first velocity bin was centered at -8  m depth. The 

standard deviation of the current measurements was then <3 cm/s. The depth limit of the 

ADCP profiles was 100 m. Navigation was carried out using a Trimble Global 

Positioning System (GPS). The repetitions of the cross-fjord transect were made over a 

bank of ca. 65 m depth placed 1 km southeast of Elena Island (Figure 4). The ADCP
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compass data were calibrated following Joyce [1989] and erroneous velocity data were 

removed following the procedure explained by Valle-Levinson and Atkinson [1999].

The semidiurnal tidal signal (represented by the M, constituent with a period of 

12.42 hours) was separated from the subtidal signal of the observed flow components 

using sinusoidal least- squares regression analysis [e.g. Lwiza et al., 1991]. The subtidal 

signal represented the mean over the 12 hours of observation. The current measurements 

were complemented with density profiles obtained with a Sea-Bird SBE-19 conductivity- 

temperature-depth (CTD) recorder from the Chilean Navy patrol craft “Rano Kau” on 

October 14. Data processing was followed according to the manufacturer’s software. The 

pressure, temperature and conductivity measurements were aligned, data with pressure 

reversals were removed and the data were averaged to 1 m bins. Profiles were measured 

at the end of each transect repetition and over the bank in the center of the transect 

(Figure 4a). Maximum depth of CTD profiles was 50 m owing to restrictions of the 

CTD’s pressure sensor. On October 14, two days prior to the ADCP sampling, twelve 

CTD stations (numbered 9 to 19, Figure 4b) were sampled during ~3 hours of flood. The 

CTD sampling on October 14 provided a general idea of the horizontal distribution of the 

density field in the vicinity of the bank. This is explained in the context of the velocity 

profiles in the next section.

The closest meteorological stations to the study area were Guafo Island and Raper 

Cape, located in the coastal region at 225 km to the northwest and 250 km to the 

southwest, respectively. Owing to this long distance and to the orography in the fjord 

region, they were not representative of the wind conditions in the study area. Wind data
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were collected onboard during the period of sampling. Winds were calm during the first 

three hours of sampling, and then they started to increase reaching maximum values of 

about 8 m/s in the up-fjord direction (southwesterly winds) at the end of the sampling.

A right handed coordinate system was adopted for which y  was positive to the north and x 

was positive to the east. It follows that the along-fjord and across-fjord components of the 

velocity were given by u and v, respectively. The data were rotated counter clockwise 60° 

to an along- (w-flow) and across- (v-flow) channel coordinate system. This angle was 

oriented to the direction of greatest variability of the tidal currents and of weakest across- 

channei tidal flows. It follows that the x and y axis were oriented toward 030° and 300° 

true, respectively.

2.4 Results

This section presents the across-fjord distribution of the subtidal and tidal flows for 

the observation period. It also describes the horizontal salinity distribution, time series of 

salinity profiles, time evolution of the near-surface salinity across the fjord, and the time 

evolution of vertical sections of salinity across the fjord. These salinity representations 

help explain the observed subtidal flow patterns discussed below.

Subtidal and tidal flows

The along-fjord mean w-flow over the period of observations (Figure 5) suggests a 

three layer structure that included a thin (< 8m) surface weak outflow close to the surface 

(not entirely resolved by the ADCP measurements), a region of net inflow immediately 

underneath and a compensatory outflow farther below. Vertical profiles of current 

velocities at selected sites of the transect showed that the average outflow within a layer
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extrapolated to the surface from ~8 m depth was 0.03 ra/s. Below this unresolved 

outflow, a 30-40 m thick layer showed up-fjord velocities of 0.1 m/s, most likely due to 

the dominant southwesterly winds during the experiment. The interior outflow layer of 60- 

100 m thickness had typical velocities of 0.05 m/s and was most likely a compensatory 

flow from the pressure gradient set up by the wind in the along estuary direction.

The along-fjord mean flow exhibited transverse variability related to the bathymetry. 

Upper layer current magnitudes were weaker over the channel to the north of the bank 

than to the south. This might be attributed to the fact that the northern channel is shallower 

and narrower than the southern channel. Over the bank, frictional effects were evident in 

the decreasing magnitudes of the mean current relative to that on either side and by the 

fact that most of the water column showed up-fjord net flow, i.e., the near-bottom 

compensatory outflow was not developed in this region of the cross-section. The effects of 

the steep bottom also showed that horizontal friction might be playing a role in the 

dynamics, as the greatest outflow magnitudes were observed in the center of both channels 

at mid-depth. Throughout the section, the zero isotach at about 50 m exhibited downward 

slope toward the north, which was contrary to that expected from a geostrophic balance in 

a two-layered density driven flow, where the zero isotach would slope upward toward the 

north. The sign of the slope of the zero isotach indicated that the lateral momentum 

balance in the mean flow could not be explained by geostrophy. Below 50 m, 

nevertheless, where the flow was westward, the current was forced to the left by the 

Coriolis effect, resulting in a thicker layer at the south, i.e. the zero isotach was higher in 

the water column at the south. The observed slope suggested then that the compensatory
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flow below 50 m was consistent with geostrophy. It appears then that the observed 

distribution consisted of a frictional surface layer and a quasigeostrophic interior.

The transverse flows (Figure 6a) were directed northward above -50 m and 

throughout the northern channel, and southward only within the southern channel. The 

interaction of the flow going toward the north and toward the south over the bank, 

suggested recirculations over this feature. On both sidewalls of the bank, flow tended to 

travel away from the bank. Thus, the transverse circulation indicated that effects of 

advection could be important around the bank. The strongest northward flow was located 

at the surface over the southern channel, far from the effects of the frictional effects of the 

sidewalls. Even though the velocities were in the range of the standard deviation (± 3 

cm/s), the distribution could not be dismissed as it showed a coherent pattern throughout 

the section. The mean flow is depicted by flow vectors in Figure 6b, which shows the 

tendency of the vectors to follow the bathymetry around the bank. This figure also shows 

the uppermost (8m) layer going down-fjord on the northern side, and up-fjord on the 

southern side.

The amplitude of the semidiurnal along-fjord current (Figure 7) also showed 

transverse variability that featured maximum tidal currents of -0.2 m/s over the bank. This 

distribution contrasted those in coastal plain estuaries where bottom friction causes the 

greatest magnitudes to appear in the deepest part of the cross-section [Li and Valle- 

Levinson, 1999]. Nonetheless, the transverse distribution observed in the Aysen Fjord was 

consistent with observations of greatest flows over sills or constrictions in response to the 

Bernoulli effect [e.g. Farmer and Armi, 1999], where bottom friction plays a secondary
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Figure 6. (a) Across-fjord distribution of the lateral mean flow. Darker tones denote 
flow to the south and lighter tones flow to the north. Recirculation over the bank and 
advection away from the sidewalls of the bank are suggested in the figure. Data in the shaded 
region near the bottom were not considered in the analysis due to side lobe effects. White 
region near the bottom was out of the profiling range of the ADCP. (b) Vectorial representation 
of the mean flow. Vectors are drawn at 10 m intervals starting at 8 m (black), 18 and 28 m , 
(gray) and 38 to 158 m (black).
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role in shaping the flows. Therefore, the tidal flows in this area should be mostly 

responding to pressure gradient induced by tidal elevations and advective accelerations 

produced by the abrupt changes in morphology.

Tidal and subtidal salinity

In general, both density and salinity profiles showed a pycnocline in the first -8  m 

depth with typical salinities between 15 and 25 in the surface layer and 30 in the deeper 

layer through 50 m depth, which was the maximum depth of CTD casts. Other 

observations in this area [Silva etal., 1995 and 1997] showed consistent distributions with 

those observed here and salinities that increased up to 31.2 in the deepest part of the fjord. 

Figure 8 shows the horizontal salinity distributions from stations 8 to 19 near the surface 

and 15 m depth on October 14, two days before the ADCP measurements. The time 

between the first and last station was about 2.7 hours. Above the pycnocline (at I m), a 

fresh water tongue was evident over the northern side, while saline water intruded from 

the northern channel into the center of the fjord. Horizontal salinity gradients across the 

fjord seemed to be at least as large as along-fjord gradients in this particular instance. 

Below the pycnocline (at 15 m), where the horizontal and vertical salinity gradients were 

greatly reduced, the horizontal salinity distribution showed fresh water over the northern 

side and salty water on the southwest. This distribution also suggested the influence of 

wind-induced upwelling before the ADCP measurements, because the greatest salinities 

were found along the southern side. Also noteworthy is the separation of the flow 

suggested by the shape of the 29.30 isohaline around the bank in station 15 (Figure 8), 

where salty water bifurcated around this feature (based on just three points across the
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fjord). This provided further evidence of the influence of the bank in modifying the flow. 

Evidence of fresher surface water on the northern side relative to the southern side was 

also suggested by time series of vertical salinity profiles at stations 4a, 6 and 5a (Figure 

3) taken during the ADCP measurements (Figure 9). In this case, the surface salinity was 

lower over the northern side than on the southern side. This distribution was contrary to 

that expected from the earth’s rotation influence but could be related to local upwelling 

over the southern coastline of the fjord, as is also suggested by the across-fjord tilt of the 

zero isotach (Figure 5) and the across-fjord flow (Figure 6). Also worth noting is the 

change in the depth of the 28 isohaline during the tidal cycle, which is associated with the 

along-fjord velocity changes during this period. Below 8 m, the depth resolved by the 

measurements, velocities may be attributed to the combined effect of tide and wind. In the 

southern station, the down-fjord flow is less dominant than in stations in the center and 

north, probably attributed to the combined effect of up-fjord wind (Figure 5) and low tidal 

amplitude shown in that side (Figure 7). Some tidal straining effects are apparent in the 

three stations in the sense that the buoyant layer thickens during ebb and thins during 

flood.

The transverse structure of the near-surface salinity field throughout the tidal cycle 

(Figure 10) showed that, as wind started to blow from the southwest at about 17:30 h and 

persisted during the rest of the experiment, high salinity waters began to appear over the 

southern portion of the section, another suggestion of upwelling. In accordance with the 

effect of the earth’s rotation, the salty water due to inflow at that depth was expected to 

be located over the northern side of the fjord as observed between 14 h and 17:30 h. As
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southwesterly winds persisted, high salinity waters covered the whole width of the fjord 

at 24 h. Low salinities observed over the bank at about 21 h were probably due to the 

effect of fresh water convergence at 2 m depth, by the combined effect of up-fjord wind 

and starting of flood. The effect of the wind was also appreciable in the vertical sections 

of the CTD stations 4a, 6 and 5a (Figure 11) on the first 3 repetitions, where all isohalines 

tilted down toward the south side during calm wind, as expected from a typical 

geostrophic balance in the transverse direction for down-fjord flow. As winds picked up 

during the fourth repetition, isohalines of 22,24,26 and 28 rose progressively in 

repetitions 4 ,5 ,7  and 8, respectively. During repetition 8 every isohaline lower than 29 in 

the surface layer was higher on the southern side than on the northern side. Between 20 

and 50 m (the maximum depth of CTD casts), isohalines greater than 29 were higher in 

the south at every repetition (not plotted here). The slope of the 29 isohaline, lower in the 

south, could not be explained by the measurements. It follows that, according to the 

salinity mesurements, effects of the upwelling were noticeable in the first 50 m.

The salinity distributions discussed in this subsection showed a consistent message. 

Southwesterly winds in the lower Aysen Fjord seem to produce upwelling along the 

southern coast and downwelling along the northern coast above 50 m depth, which 

transiently invalidates the geostrophic approximation for the transverse dynamics. Also 

during these wind episodes, the saline intrusion shifts from the northern to the southern 

side.

2.5 Discussion

Wind forcing seemed to be the main driving mechanism of the mean flow during the
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Figure 11. Cross-fjord vertical salinity sections at different times (looking into the fjord). 
Persistent southwesterly winds starting after repetition 3 induced upwelling, as reflected by the 
progressive rise of the isohalines on the southern side. Time corresponds to the beginning of 
each repetition. Maximum depth plotted is 20 m, which was where the most appreciable 
changes appeared.
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sampling period as the mean flow was up-fjord near the surface, below 8 m depth.

Similar profiles to those presented in Figure 4, resulting from up-fjord wind driven 

circulation, have been observed in the fjords of Norway [Svendsen and Thompson, 1978; 

Svendsen, 1980] and British Columbia [Farmer, 1976]. This wind episode also may have 

induced upwelling, as suggested by the zero isotach and the pycnocline both tilting 

downward toward the north, and by the presence of more saline water in the south than in 

the north. Evidence of fresher water on the northern side than on the southern side could 

be a transient wind-induced phenomenon, as salinity horizontal fields observed in the 

region of Colorada Island by Munoz et al. [1991] showed more saline water over the 

northern side during calm winds. This was also observed during calm winds at the 

beginning of our experiment.

The bank affected the across-channel distribution of subtidal flow as it shifted the 

location of both the strongest near-surface inflow and the strongest mid-depth outflow to 

the channels. It also masked the three-layer mean flow that was observed in the channels. 

Evidences of flow bifurcation induced by the bank were observed in the horizontal 

salinity distribution below the pycnoline. The effect of the bank in shaping the flows was 

also observed in the secondary circulation patterns, as flow tended to travel away of the 

sidewalls and suggested recirculations over the summit. These effects induced by the 

bank suggest that advective accelerations and friction could be important for the across- 

fjord momentum balance during strong wind episodes.

In order to establish the relative contribution of advection and friction to the across 

momentum balance, the Coriolis term and advective and friction (vertical and horizontal)
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terms were compared. In the across-channel direction, the subtidal momentum balance 

can be given by

<v(dv/dy)> + <fu> = - <l/p (dp/dy)> + K Ajtfv/dz2̂  + <AA(52v/3y2j> (2.1)

where v(dv/dy) represents the advective terms (the other two could not be evalutated), fu  

is the Coriolis term (/= 1.03 xlO-4), I/p (dp/dy) is the pressure gradient term, where p is 

the seawater density, A. (drv/di?) is the vertical frictional term, A^&v/dy2) is the horizontal 

frictional terms and brackets (< >) denote tidal averages. The coefficients A. and Ak 

denote the vertical and horizontal eddy viscosities. These were the terms of the complete 

momentum balance that could be reliably approximated, with exception of the pressure 

gradient term.

For the vertical eddy viscosity, A ., we first consider wind stresses of the order of 

0.03 Pa, for an average wind of 2.5 m/s during the tidal cycle. If r-pA. du/dz then A. may 

be given by A.=z/(pdu/dz). Considering p=1024 kg/m3 (the average of the full set of 

density data) and du/9z = 3.5 xl0‘3 s'1 (averaged from distribution of Figure 5), an 

estimate of A. from wind stresses will be 0.0027 nr/s. The relationship proposed by 

Csanady [1975], A.= u.2 / 20 0 / for estuaries of large depth, where u. is the frictional 

velocity (t/p)1/2, provides an estimate of A. produced by bottom friction. This solution 

gives typical values in the order of A.=0.0004 m2/s. Subtracting this from 0.0027 (as 

shown by Wong [1994J and Csanady [1975]) gives A.=0.0023 nr/s. Therefore, we used a 

constant eddy viscosity coefficient of 0.002 nr/s. As expected, bottom friction played a
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secondary role in the dynamics and most of the vertical friction was attributed to the wind 

stress.

Similar empirically derived forms of the magnitude of the horizontal eddy viscosity 

in tidal channels are less widely used. Tee [1976] used a value of Ah =100 nr/s for an 

energetic tidal channel (currents of -5  m/s), Ianniello [1979] used estimates ranging from 

I to 10 nr/s for tidal channels, and Jones and Elliot [1996] used estimates of 0.5 to 10 

m2/s in the parametrization of friction in rivers. Following the method proposed by 

Ianniello [1979] to estimate the width of the channel that makes Ak important to the 

momentum balance, we used an estimate of Ah =1 nr/s, according to the velocities and 

horizontal lengths observed in this system.

The absolute value of the ratios <v(dv/dy)>/<fn>, <A. (d2v/dr)> /<fu> and 

v/dy)>/<fu> is shown in Figure 11 These ratios showed that the non linear 

accelerations, vertical friction term and horizontal friction term were comparable to 

Coriolis accelerations during the sampling period, as most of the magnitudes of the 

sectional means were about 1. The distributions showed that values >1 were located 

around the bank and close to the sidewalls and bottom, where advective and frictional 

terms were expected to be larger than the Coriolis term. There was also a thin layer of 

values >1 at about 50 m depth across the entire fjord, which may be explained by the 

position of the zero velocity in Figure 5, which made the Coriolis term to tend to zero. 

Analogously, the along-fjord momentum balance appears to transition from a balance 

between pressure gradient and advection during calm conditions, reminiscent of a
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Figure 12. Ratios of absolute values of the tidally averaged advective term, vertical friction 
term and horizontal friction term to the tidally averaged Coriolis acceleration. Darker tones 
denote values below 1 and white denotes values over 1. The absolute value o f the sectional 
mean is shown at the upper right comer of each panel. The advective, vertical friction and 
horizontal friction terms were comparable to Coriolis accelerations (contours shown: 0.5, 1,5, 
10,15,..). Data in the shaded region near the bottom were not considered in the analysis due to 
side lobe effects. White region near the bottom was out o f the profiling range of the ADCP.
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Bernoulli-type flow, to a balance that also includes friction during wind events. The 

terms in the along-fjord momentum balance may be given by

<v(du/3y)> - </v> = - <l/p (dp/dx)> + <A.(dlu/d^)> + <Ah(d2u/df)>  (2.2)

Again, with the exception of the pressure gradient term, these were the terms that 

could be reliably estimated from the measurements. The ratios of the advective term, 

vertical friction term and horizontal friction term to Coriolis term (not plotted here) 

showed absolute values of the sectional means of 1.4,2.6, and 1.3, respectively. This 

revealed that, in the along-fjord momentum balance, vertical and horizontal friction were 

also as important as advection.

The contribution of advection to the momentum balance is supported by the 

distribution of the tidal current amplitudes. The greatest value was observed over the 

shallow areas as expected from a Bernoulli-type balance. In other systems, where bottom 

friction is influential, the transverse distribution of tidal current amplitudes follows the 

bathymetry with greatest values appearing in the region where the depths are greatest [Li 

and Valle-Levinson, 1999].

With respect to the frictional influences, further investigations are required to reveal 

the main frequencies of the wind stress in the region. If a strong diurnal (24 h) period is 

found, as observed by Pickard and Rodgers [1959], Farmer [1976] and Farmer and 

Osborn [1976] in fjords of British Columbia, the system could be affected by high- 

frequency (>1 cycle/day) fluctuations in the across-fjord momentum balance.
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In summary, during the sampling period the mean flow showed a three layer 

structure that was consistent with up-fjord wind-induced exchange: a thin (< 8m) weak 

outflow close to the surface due to river discharge; a layer of inflow (down-wind) 

underneath attributed to the effect of wind-stress; and a deep compensatory outflow due 

to the barotropic pressure gradient set up by the wind. The bank had salient effects on the 

across-channel distribution of subtidal flow by shifting the location of strongest near­

surface inflow and strongest mid-depth outflow to the channels, by masking the three 

layer vertical structure, by shifting the flow direction away from the bank, by inducing 

recirculation at its top, and by causing a bifurcation of the flow below the pycnocline. 

Evidences of wind-induced upwelling observed during the sampling period indicated that 

the across-fjord momentum balance likely switches from quasigeostrophic during calm 

winds to a balance that in the surface is influenced by non linear effects (from wind stress 

and advection) during wind episodes, and remains quasigeostrophic in the interior.
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REGION OF CHACAO CHANNEL

3.1 Introduction

Extremely energetic tidal channels where currents exceed 3 m/s are rare. Maximum 

currents of 8 m/s for Seymour Narrows in British Columbia, Canada, are frequently 

quoted among the highest speeds measured [Pond and Pickard, 1998]. The common 

feature observed in every case of an energetic tidal channel is a high tidal range. Some of 

the highest tidal ranges have been reported for St. John River, Bay of Fundy, Canada 

[Redfield, 1980], Minas channel, Bay of Fundy [Tee, 1976], South Korea [Wells, 1983], 

and St.Malo, France [Defant, 1961, p.377], with records of 7 m, 15 m, 5-9 m, and 8-10 m, 

respectively. Examples of strong tidal currents in relatively deep (>80 m) channels or 

fjords are unusual. Some of them may be found in southern Chile, where a characteristic 

fjord-like coastal morphology covering about 2000 km of the Chilean coastline shows a 

variety of channels connecting the open ocean to the Inland Sea (Figure 13a). One of 

those channels is Chacao Channel, located in the northernmost part of the region of fjords 

in the Chilean Inland Sea. It represents one of the two direct openings between the ocean 

and the Inland Sea, the other being Guafo Mouth. Chacao Channel connects the open 

ocean with the Gulf of Ancud in the east-west direction and is approximately 40 km long 

with an average width of 4 km (Figure 13b).

The channel exhibits tidal currents of 3 to 4.5 m/s and tidal ranges of 5.5 to 6.0 m 

[SHOA, 1993a; SHOA, 1995]. These currents are developed from the differences in tidal 

range between the east and west ends of the channel. Tidal range enlarges as the tidal 

wave propagates from west to east, with a remarkable increase from -2  m in the west side
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Figure 13. (a) General study area on the southern coast of Chile, (b) The measurements 
obtained during this experiment were made in the box shown at the narrowest part of Chacao. 
Channel, (c) The ADCP profiles were made in the transect ( -2 .2  km length) over Remolinos 
Rock, (d) Bottom profile associated with the ADCP transect (looking toward the ocean). 
Contours shown: 15,25,50,75,100,200,250 m.
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(Coronados Gulf) to -6  m in the east side (Gulf of Ancud). The reason for this 

amplification is still under investigation, but it may be partially explained by resonant 

effects of the tidal wave that enters through Guafo Mouth to the south and propagates 

northward, along the east side of Chiloe Island up to the Gulf of Ancud. This hypothesis 

is supported by tidal gauge records showing a continuous increase of tidal ranges in the 

transit from Guafo Mouth (-2  m) to Gulf of Ancud (~6 m). Slack waters in Chacao 

Channel are brief (<15 min) and some times they are undetectable to the casual observer. 

Northwesterly and southwesterly winds may enhance the tidal current entering the 

channel during flood and decelerate it during ebb, enhancing sea roughness.

Freshwater input to Gulf of Ancud comes from rivers draining westward from the 

Andes. The water circulation in Chacao Channel is weakly influenced by river flow with 

typical salinities during the spring season in Coronados Gulf and in the center of Gulf of 

Ancud in the range of 32.9 - 33.1 and 29.0 - 32.0, respectively (SHOA, pers.comm).

The geomorphology of Chacao Channel reflects carving by past glaciation. Its bathymetry 

features an isolated pinnacle ca. 20 m depth located at -0.7 km from the southern side 

(Chiloe Island) in the narrowest part of the channel (Figures 13c and 13d). This pinnacle 

separates two channels, a southern channel (-85 m depth), and a northern channel (120 m 

depth). During very low tides, the rocks at the summit of the pinnacle may be seen above 

water [SHOA, 1995]. These rocks are called Rocas Remolinos (from Spanish “eddies 

rocks”) in nautical charts [SHOA, 1993a]. The flanks of the pinnacle have slopes of -16° 

in its northern side and -14° in its southern side. At -1.5 km to the southeast of
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Remolinos Rocks, toward the Inland Sea, is Seluian Bank (Figure 13c): a shoal of -20 m 

depth skewed towards the southern side of the channel.

In terms of the transverse dynamics, the geostrophic approximation might be 

appropriate for flow over low aspect ratio (vertical scale/horizontal scale) bathymetric 

features, and relatively weak currents (<l m/s). However, for features with high aspect 

ratio, where the fractional height (feature relief / water column depth) is greater than 0.7 

[following Chapman and Haidvogel, 1992], the fluid column may be stretched and 

compressed, leading to relatively large velocities and particle excursions. In Chacao 

Channel the interaction of strong tidal currents with a pinnacle at the narrowest region of 

the channel suggests the generation of nonlinear tidal effects, such as overtides and 

bathymetrically-induced flow accelerations. The stretching and contraction of streamlines 

around the pinnacle would invalidate the geostrophic approximation and make the 

frictional and advective accelerations relevant to the across-channel momentum balance. 

In particular, enhanced mixing processes would dominate stratifying tendencies. 

Overtides, which are harmonic motions with higher frequencies than the semidiurnal, 

may be caused by nonlinear accelerations and frictional terms [LeBlond, 1991]. The 

source terms for quarter-diurnal tides (e.g. M4) usually arise from nonlinearities in the 

continuity equation, advection, and the depth effect on bottom friction; while the sixth- 

diurnal tides (e.g. M6) are forced mainly by terms from bottom friction [Parker, 1991; 

Walters and Werner, 1991]. In any case, overtides indicate predominance of non-linear 

effects.
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This study quantifies and describes the transverse variability produced by the 

interaction of strong tidal currents with a pinnacle in the middle of a channel. It presents 

estimates of key terms in the across-channel momentum balance to assess the validity of 

the geostrophic approximation.

3.2 Data collection and processing

A 307.2 kHz RD Instruments ADCP and a Trimble Global Positioning System 

(GPS) interfaced to a laptop computer were used to obtain velocity profiles in the 

sampling area during one complete semidiurnal tidal cycle on October 7, 1998, three days 

after secondary neap tides (the weakest neap tides of the month). The ADCP was 

mounted on a catamaran -1.2 m long, which was towed from the starboard side of the 

diving boat “Virago” at approximately 2.5 m/s. A current profile was recorded every -4  

seconds (or ping rate= 4 s) with a 30 second averaging period. An across-channel transect 

(Figure 13c) was traversed 25 times during the 12.5 hours of data collection. The ADCP 

data were calibrated according to Trump and Marmorino [1997] and bad data removed 

following the procedure explained by Valle-Levinson and Atkinson [1999]. After the 

heading correction was applied, the data were rotated 13° clockwise to an along- (u flow) 

and across- (v flow) channel coordinate system. This was the direction of greatest 

variability of the tidal currents and of weakest across-channel tidal flows. CTD stations 

were made at the end of each transect and at a deeper (ca. 120 m) station in the channel. 

The present work was carried out during calm wind conditions.

The semidiurnal tide (represented by the M2 constituent) and its harmonic overtides 

(represented by the M4 and Mg constituents) were separated from the subtidal signal of the
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observed flow components using sinusoidal least squares regression analysis [e.g. Lwiza 

etaL, 1991]. The overtides were obtained for a preliminary assessment of non-linear 

influences to the momentum balance. The root-mean-squared (rms) errors of the least- 

square fits were between 0.2 and 0.5 m/s and the mean error was about 0.3 m/s. This was 

between 5 and 10 % of the currents observed.

After determining the relevance of nonlinear influences through overtides, the 

relative magnitude of the advective and frictional terms was compared to that of the 

Coriolis accelerations. To do this a right-hand coordinate system was adopted for which y 

(across-channel direction) was positive toward 13° true and x  (along-channel direction) 

was positive to 103° true. It followed that the along-channel and across-channel 

components of the velocity were given by u and v, respectively. In the across-channel 

direction, the subtidal momentum balance can then be given by

<v(ov/0y)> + <fu> = - <l/p (dp/dy)> + <A.(d*Vdr)> + <Ah0*v/dy)>  (3.1)

where v(dv/dy) is representative of the advective term, fu  is the Coriolis term (/= 9.7x10' 

5), 1 /p(dp/dy) is the pressure gradient term (p- seawater density), A.i&v/d?) is the vertical 

frictional term, Ah{drvldyr) is the horizontal frictional term and brackets (< >) denote tidal 

averages. With exception of the pressure gradient term, these were the terms of the 

complete momentum balance that could be reliably approximated.

The magnitudes of each term were used to compare their relative contribution to the 

momentum balance in the across-estuary direction. A constant vertical eddy viscosity
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A.=0.01 m2/s was used following estimates of Bowden and Hamilton [1975], Csanady 

[1975], Ott and Garrett [1998], and Geyer et al. [2000]. Also a constant horizontal eddy 

viscosity Ah=90 nr/s was used following estimates of Smith [1996] and Pingree and 

Maddock [1978]. Both A. and Ah are probably underestimated relative to the strong tidal 

currents observed here. Although A. and Ah are expected to change in space and time, 

constant values were used here for diagnostic purposes and to facilitate the calculations.

3.3 Results

This section presents the across-channel distribution of the subtidal and tidal flows 

for the period of observation. It also describes the time evolution of vertical salinity 

profiles made at the extremes of the ADCP transect and a vertical density profile made in 

the middle of the northern channel to illustrate stratification conditions. Additionally, it 

presents the magnitudes and across-channel distributions of the terms indicated in (3.1), 

with exception of the pressure gradient term. A comparison among the magnitude of 

various terms is shown at the end of this chapter.

Mean flow

The along-channel mean flow over the period of observations is shown in Figure 14. 

The flow structure was significantly influenced by bathymetry. Net inflows were located 

over the slopes (as denoted in Figure 13d) and over the top and southern flank of the 

pinnacle. Net outflows were observed over the southern channel and over the northern 

flank of the pinnacle. The pinnacle seemed to play a role in determining this distribution. 

The residual flow might be attributed to the nonlinearities of the dynamics of tidal flow as 

indicated by the theoretical results of Li and O ’Donnell [1997]. They also found that the
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Figure 14. Across-channel distribution of the along-channel mean flow (looking toward the 
ocean). The mean flow showed a transverse structure where net inflows (lighter) were 
observed over the shallow regions and net outflows (darker) over the southern channel and 
northern flank of the Remolinos Rock. Data in the white region near the bottom were not 
considered in the analysis due to side lobe effects of the ADCP measurements.
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exchange flow was correlated with the topography, as a net landward flow occurred over 

the shoals and a return flow in the channels. In the case of this work, the distribution 

exhibited weak vertical structure dominated by strong lateral shears (du/dy). Over the 

sloping bathymetry the lateral shears were comparable to the vertical shears. Maximum 

velocities were about 60 cm/s in the northern slope, a comparable value to 76 cm/s 

observed in Minas Channel, a tidal channel with currents of 5.6 m/s [Tee, 1976].

The mean v flow (Figure 15a) exhibited a mean absolute magnitude in the section of 

about -9  cm/s, which was almost one half of the mean value (-22 cm/s) of the along- 

channel mean flow ( Figure 14). It also showed five changes of direction near the surface 

from north (positives) to south (negatives) in just 2 km, thus determining regions of 

strong convergence and divergence dominating the upper 40 m. This was more clearly 

seen in the distribution of the transverse gradients dv/dy (Figure 15b). Two strong 

changes in direction (negative values, darker tones) are observed on both flanks of the 

pinnacle, while sudden increases in v velocity (positive values, lighter tones) are 

represented by the gradients over the southern slope and over the pinnacle. The 

magnitude of these gradients is up to - 10‘3, i.e., they are one order of magnitude greater 

than those reported for example in the lower Chesapeake Bay [Valle-Levinson and 

Atkinson, 1999]. Magnitudes of the lateral variations of the v component were 

comparable in some regions of the section to those of the vertical variations dv/dz (not 

plotted here).

Tidal current amplitudes

The distribution of the semidiurnal tidal current amplitude ( Figure 16a) showed the
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Figure 15. (a) Across-channel component of the mean flow. Negative values indicate currents 
toward the north, (b) Contours of the tidally averaged divergence o f the across-channel 
flow. Positive values (darker tones) indicate convergence regions (looking toward the ocean). 
Data in the white region near the bottom were not considered in the analysis due to side lobe 
effects of the ADCP measurements.
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Figure 16. Across-channel tidal amplitude distributions for the (a) M2 constituent, (b) M4 
and (c) M6 obtained from the ADCP current measurements (looking toward the ocean). 
Data in the white region near the bottom were not considered in the analysis due to side 
lobe effects of the ADCP measurements.
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highest velocities centered at mid-depth in the southern channel (-3.2 m/s) and near 

surface in the northern channel (-3.4 m/s). Effects of bottom friction were evident as 

velocities decreased near the bottom and over shallow areas. Similarly to the mean flow, 

the lateral variations were larger than the vertical variations. In general this was also the 

case for the distribution of the quarter-diurnal (Figure 16b) and sixth-diurnal (Figure 16c) 

tidal current amplitudes. Highest values of the quarter-diumal current amplitudes were 

found at different locations: near surface in the southern channel, over the pinnacle, in the 

northern flank and in the northern slope. In the case of the sixth-diurnal tidal currents the 

highest values were located in the southern channel with a peak at mid-depth, in the 

southern flank, and around the summit of the pinnacle. It is noteworthy that the highest 

values of the quarter-diumal and sixth-diurnal amplitudes overlap the surface region of 

the southern channel, and that semidiurnal highest values in this channel have been 

shifted to mid-depth. Thus, the strongest overtide amplitudes were located over the 

pinnacle, on the slopes and in the southern channel. The northern channel was mostly 

influenced by semidiurnal tidal currents. The southern channel is shallower and narrower 

than the northern and friction may play a role in determining the enhancement of 

overtides in the southern side. The large overtides in the southern channel may have been 

then caused by nonlinearities that arise from a) increased frictional effects because of its 

shallowness and b) spatial gradients in the flow at Seluian Bank to the southeast of the 

sampling transect.

The southern channel was also characterized by larger tidal velocities than the 

northern side (Figure 14), which could be explained by the effect of Bernoulli type
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accelerations originated away from the pinnacle, possibly the Seluian Bank. In order to 

further explore the strength of nonlinearities through tidal asymmetries [e.g. Speer et al., 

1991], the phase relationship (2 M2-M4) and a ratio of the amplitude of the quarter-diumal 

flow to the amplitude of the semidiurnal flow (M4/M,) were explored. Tidal distortion 

was observed in the relative phase (2 M2-M4) shown in Figure 17. Values between 0° and 

180° indicated a longer falling than rising tide and hence a tendency toward flood- 

dominance. Longer rising tide and ebb-dominant conditions were indicated by a (2 M,- 

M4) relative phase between 180° and 360° [Speer etal., 1991]. This indicated a tendency 

for a flood-dominated regime over the shoals, in agreement with the net inflow observed 

there. Figure 17 remarkably matches the regions of mean inflow and mean outflow in 

Figure 14, exhibiting a tendency to flood and ebb-dominance, respectively. The ratio of 

M4 to M: amplitude (not plotted here) also showed the highest values over the pinnacle 

and over the northern slope, consistent with the mean flow. It then follows that the main 

characteristics of the mean flow were derived from strong tidal asymmetries as observed 

in these tidal patterns.

Overtidal current amplitudes observed in other channel systems with tidal currents of 

~ 1 m/s have shown that quarter-diumal amplitudes were typically about three times larger 

than the sixth-diumal amplitudes in English Channel [Le Provost and Forferino, 1985]. 

The results reported here have shown that both components exhibit comparable values, 

which has been rarely reported. This suggests that in the generation of the sixth-diumal 

overtide there is probably a source that is less relevant in other systems but important 

here, such as horizontal friction, and since this is an initial indication of the importance of
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Figure 17. Across-channel distribution of the 2M2-M4 phase relationship. Values below 
180° suggest flood-dominance (looking toward the ocean). Data in the white region near 
bottom was not considered in the analysis due to side lobe effects of the ADCP measurements.
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friction (both horizontal and vertical) to the momentum balance, it should be worthy of 

further investigation.

Salinity and temperature profiles

In general all the stations showed a nearly vertically homogeneous water column. 

Figure 18 corresponds to the vertical profile of temperature and salinity CTD data 

obtained from a station in the deepest part of the northern channel. Stratification was very 

weak in the deepest water column of the section, as temperature changed by 0.2 °C and 

salinity by 0.15 over a depth of 130 m. All profiles showed a strong correlation between 

temperature and salinity data (correlation coefficient =-0.92), indicative of near­

conservative mixing. Figure 19 shows the evolution in time of the salinity field for the 

CTD stations in the northern and southern extremes of the transect. Current vectors are 

plotted on it to show the tidal phases. No vertical structure was observed and changes in 

salinity seemed to respond to changes in the velocity field. Highest and lowest salinity 

values approximately appeared at the times of slack waters. Differences in time for 

maximum values of salinity appearing in the northern side relative to the southern side, 

were consistent with flood-dominance (northern) and ebb-dominance (southern) 

asymmetry shown in the relationships between the quarter-diumal and sixth-diumal tidal 

constituents (Figure 17).

Across-channel dynamics

The across-channel distributions of the tidally averaged Coriolis term < fu  > , the 

advective term < v(dv/dy) > and the frictional terms < A/cPv/dz2) > and < A ^ v td y 1) > 

were used to establish their relative contribution to the across-channel momentum
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Figure 18. Salinity and temperature profiles in the deepest (-120 m) region of the 
northern channel. Vertical stratification is weak and an inverse correlation between 
temperature and salinity is observed.
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Figure 19.Time series of salinity profiles at the (a) northern and (b) southern sides. Contour 
interval is 0.1. Bottom changes are due to tidal variability but also to the inability to occupy 
the same location because of the current-induced drift of the idle boat.
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balance. Figures 8 and 9 show the distribution of the Coriolis, advective and frictional 

terms. As expected, the Coriolis term (Figure 20a) resembled the u mean flow 

distribution (Figure 14), as it is directly proportional to it. The advective term (Figure 

20b) distribution showed values of almost one order of magnitude greater than those of 

the Coriolis term. They were highest over the northern flank of the pinnacle and over the 

southern slope. The dominance of this term is derived from the extraordinarily high 

absolute values of the lateral convergence |(dv/0y)| previously mentioned, which were 

typically 1.0 to 2.0 x l0 '\  i.e, a change of 0.1 to 0.2 m/s in just 100 m in the cross-channel 

direction. The vertical friction term A.ffiv/dr] (Figure 21a), which again is diagnostic 

owing to the constant A . , showed the highest values not only around the flanks but also 

over the pinnacle and close to the bottom, as expected from bottom friction effects. This 

term was typically five times greater than fu  (Figure 20a). In turn, the horizontal friction 

term Ah[d2v/dy] (Figure 21b) was also strongly influenced by the changes of the v 

velocity component in the cross-channel direction. The greatest values appeared on both 

sides of the pinnacle and over the southern slope. Their magnitudes were about four times 

greater than those observed for the advective term (Figure 20b) and they were at least one 

order of magnitude greater than the Coriolis term (Figure 20a). This is a revealing result 

as this term is customarily neglected from the momentum balance. Although the value of 

Ah used here is nominal, the order of magnitude of the horizontal friction term suggests 

that it is important to the dynamics. This becomes evident from the marked boils and 

recirculations observed during the data collection, similar to those described in Farmer et 

a l  [1995].
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Figure 20. Contours of the tidally averaged (a) Coriolis term and (b) advective term.
Looking toward the ocean. Data in the white region near the bottom were not considered in the 
analysis due to side lobe effects of the ADCP measurements.
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Figure 21. Contours of the tidally averaged (a) vertical frictional term and (b) horizontal 
frictional term. Looking toward the ocean. Data in the white region near the bottom were not 
considered in the analysis due to side lobe effects of the ADCP measurements.
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Sectional means for the distributions of the absolute values of the Coriolis term, the 

advective term, the vertical frictional term and the horizontal frictional term were 0.22 

(Figure 20a), 1.7 (Figure 20b), 1.09 (Figure 21a) and 6.88 (Figure 21b), respectively.

Then the approximate relative magnitude of these terms in the y  direction diagnostically 

becomes:

1 : 8  5 : 31 (3.2)

Coriolis Advective Vertical Horizontal
Term Term Frictional Frictional Term

Term

The dominance of the advective term and the horizontal friction term in this balance 

is clearly due to the influence of the lateral divergence dv/dy, which was particularly high 

around the pinnacle and on the southern slope. This is most likely induced by the effect of 

the Remolinos Rocks in shaping the across-channel current distribution. Values in (3.2) 

also suggested that the across-channel dynamic balance is mostly between advective 

accelerations and friction. The baroclinic pressure gradient might not be relevant to this 

balance as differences in salinity (Figure 18) between both sides of the channel were low. 

However, the barotropic pressure gradient could be important if the transverse slopes in 

sea level are of the order of 10‘5 or 1 cm in 1 km, which may be possible in this area. A 

spatial comparison between the Coriolis accelerations and the advective and frictional 

terms is presented in Figure 22. As suggested by the mean values in (3.2), the 

distributions show a clear dominance of frictional over Coriolis accelerations, because the 

ratios are greater than 1 nearly everywhere, except for spotty regions. On the other hand, 

highest values in the northern channel (Figures 22a and 22c) might be attributed to the
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Figure 22. Ratios of the absolute values of (a) subtidal nonlinear term to Coriolis acceleration, 
(b) vertical frictional term to Coriolis acceleration, and (c) horizontal frictional term 
to Coriolis acceleration. Looking toward the ocean. Data in the white region near bottom 
was not considered in the analysis due to side lobe effects of the ADCP measurements.
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lower values of u. The distributions of the ratios Advective / Coriolis (Figure 22a) and 

Horizontal friction / Coriolis (Figure 22c) showed again the influence of the horizontal 

gradient dv/dy. It follows from Figure 22 that advective accelerations and friction 

(vertical and horizontal) should be important contributors to the lateral momentum 

balance. It is noteworthy to highlight the potential role of horizontal friction in energetic 

channels, as it is often neglected. Similar behavior related to horizontal friction has been 

observed in North Inlet, South Carolina by Kjerfve (pers. comm.).

3.4 Discussion

In the results presented above, I have shown that horizontal friction is one of the 

important terms in the across-channel momentum balance. Here I will further explore this 

balance and I will make some comparisons with the along-channel momentum balance. 

From (3.2) the relevant terms in the across-channel momentum balance become

<v(6w0_y)> = <Ah(drvldy)> + < Aidrv/d?) > - <l/p(dp/dy)> (3.3)

which is a balance weakly dependent in depth and strongly dependent on the variations of 

v in the y  direction (dv/dy). Note that the pressure gradient term has been included 

because it also may contribute to the momentum balance. Otherwise, this balance could 

be regarded as one in which the advection of momentum is balanced by the diffusion of 

momentum (i.e. advection-diffiision balance). It is also noteworthy that lateral stresses are 

dominant over vertical stresses, although the latter are still more important than Coriolis 

accelerations.
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As indicated in the Data Collection and Processing Section, the coefficients used for 

the frictional terms Ah and A, were held constant in the balance. This was done only in the 

interest of simplicity and represents an approximation. The coefficients used here (A* =90 

m2/s and A. = 0.01 m2/sj are roughly the same used for the English Channel [Pingree and 

Maddock, 1978] and Juan de Fuca Strait [Ott and Garrett, 1998], which are both 

energetic (tidal currents > 1 m/s) and of similar depths to the Chacao Channel.

The sensitivity of these coefficients to our results was explored using the values indicated 

in Table 1.

Table 1.- Approximated relative magnitude of the across-channel momentum balance 
with different values of both vertical and horizontal eddy viscosity coefficients.______

Coriolis
term

Advective
term

Vertical
Frictional

term

Horizontal
Frictional

term

Ah =90 m2/s and A .-  0.01 m2/s 1 8 5 31

Ah =180 m2/s and A. = 0.01 m2/s 1 8 5 62

Ah =90 m2/s and A.= 0.1 m2/s 1 8 11 31

When Ah is increased, the importance of the horizontal friction term increases 

linearly. When A. increases one order of magnitude, the vertical frictional term becomes 

more important than advective accelerations in the momentum balance. Thus, both 

parameters have some effect in the solution but the contribution of both advective 

accelerations and horizontal friction remains relevant. In any case, the values used in this
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work are considered conservative underestimates for the magnitude of the currents and 

the channel bathymetry in Chacao.

The strong divergences documented above are expected to be linked to large lateral 

shears (du/dy) [e.g. Valle-Levinson etal., 2001b], which might translate into the 

importance of advective terms (e.g.. vdu/dy) to the along-channel momentum balance. To 

explore this we can see that the distributions of (dv/dy) (Figure 20b) and (du/dy) (Figure 

23) coincide with their corresponding regions of maximum and minimum, although the 

values of (du/dy) are typically three times those of (dv/dy) . In particular, the southern 

slope and both flanks of the pinnacle are regions where the strongest lateral shears and 

divergences are observed. Thus, analogously to the across-channel momentum balance, 

the relevance of lateral shears seem to be also important to the along-channel momentum 

balance. The along-channel pressure gradients should then be balanced by advection and 

friction because the terms reliably computed <fv>, <v(du/dy)>, <A.[d2u/dv]> and 

<Ah[d2u/dy]> show sectional means (not plotted here) of 0.1,5.1, 1.2 and 14.7 (x 10"*), 

respectively. The approximate relative magnitude of the terms in the along-channel 

dimension becomes:

1 : 50 : 10 150 (3.4)

Coriolis Advective Vertical Horizontal
Term Term Frictional Frictional

Term Term

Again, the magnitude and distribution of the lateral shears of velocity du/dy (Figure 

23), are potentially playing a key role in this behavior. Another way to conceptualize this
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Figure 23. Contours of the tidally averaged lateral shear of the along-estuary flow. Lighter 
shades indicate positive shears (negative relative vorticity) and darker shades represent 
negative shears (positive relative vorticity). Looking toward the ocean. Data in the white 
region near the bottom were not considered in the analysis due to side lobe effects of the 
ADCP 5measurements.
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is to consider that the advective acceleration u{du!dx) may be scaled as U2/Lx where U=2 

m/s and 1^= 5000 m. In this case, the advective term will be 8 x 10"* and will balance the 

mean of the lateral friction term A^tfu/dy2], estimated at -11.4 x 10"*. Then in the along- 

channel momentum balance advective accelerations and friction (both lateral and vertical) 

are important contributors to the dynamics.

Friedrichs and Madsen [1992] investigated the magnitudes of advective 

accelerations relative to friction in 13 estuaries with different depths, tidal ranges and 

typical tidal velocities. They found the greater values(>l) of these ratios in deeper 

estuaries (40 m), as bottom friction becomes less important. In contrast, the ratios 

advective/(bottom friction + horizontal friction) for the present work were 0.2 (across- 

channel) and 0.3 (along-channel), obtained from (2) and (4), respectively, which once 

more show the relevance of horizontal friction to the dynamic balance. These ratios 

support the idea that in energetic and bathymetrically complex channels, such as Chacao 

Channel, horizontal friction plays a key role in the momentum balance.

3.5 Conclusion

This study of flow over a pinnacle in an energetic tidal channel features a mean flow 

pattern consisting of recirculation around the pinnacle and over the slopes of the channels 

that resemble theoretical results [e.g. Park, 1990; Li and O ’Donnell, 1997], as illustrated 

by the schematic diagram presented in Figure 24. These recirculations reflect strong 

divergences and lateral shears that translate into a relevant contribution of the nonlinear 

terms (advection, horizontal and vertical friction) to the momentum balance. In particular, 

this study highlights the prominence that horizontal friction may exert on the dynamics of
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Figure 24. Schematic representation of the along-channel mean flow across the channel. 
Outflow (gray arrows) and inflow (black arrows) regions are separated by strong convergences 
or lateral shears, both denoted by the dashed lines.
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an energetic tidal channel. This constitutes one of the few reported examples where 

horizontal friction may be relevant to the dynamics of a naturally occurring flow. Some of 

the results presented here might be also important in studies of dispersion of particulated 

material in the region.

In summary, the mean flow exhibited weak vertical structure because of strong 

vertical mixing. The predominant lateral structure consisted of mean outflow (toward the 

ocean) in the channels, and mean inflow (toward Gulf of Ancud) over the pinnacle and 

the sides of the channel. This lateral structure pattern was consistent with the mean flow 

pattern expected from tidal rectification, as robust overtides were generated throughout 

the transect. The contributions to flow divergence and vorticity by the lateral variations of 

the lateral flow {dv/dy) and by the lateral shears of the along-channel flow (du/dy), 

respectively, were both of the order of 10° s'1. This caused advective and frictional forces 

(both horizontal and vertical) to be dominant in the across-channel momentum balance, 

as they were more than twenty times the Coriolis acceleration. The present work, then 

represents one of the few examples reported where lateral friction (proportional to 

d2v/dy2) appears relevant to the transverse momentum balance.
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REGION OF VENTISQUERO SOUND

4.1 Introduction

As indicated previously, the transverse momentum balance in fjords might be 

modified by nonlinearities arising from different sources, such as friction, bottom profile, 

coastal morphology, and others. In regions of sills and coastline contractions, the 

geometric properties might be relevant in determining the across-channel momentum 

balance. The stretching and contraction of streamlines by the effect of sills and/or 

contractions would invalidate the geostrophic approximation and make advective 

accelerations relevant to the across-channel momentum balance.

In a previous paper [Valle-Levinson et a i, 2001a], a study was made of the 

intratidal variability of the flow over a sill/contraction combination in a Chilean fjord. 

That work was focused to describe the intratidal variability of the flows within Galvarino 

Pass (Figure 25), a pass connecting the northern and southern portions of Ventisquero 

Sound, and to assess the observed variability in the context of the existing theories. They 

found a two layer flow with falls and rises of the pycnocline, transitions from subcritical 

to critical flow, and enhanced vertical mixing within the pass.

Nevertheless, the full data set collected during that field work included not only the 

portion of the sill, but also the northern and southern sides of the pass, which were 

covered with transverse transects of Acoustic Doppler Current Profiler (ADCP) current 

measurements. These transects were intended to improve the understanding of the 

transverse variability of flow in both sides of the contraction. I seek 1) to study the 

transverse variability of the flow in both sides of the pass, describing the main
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characteristics of the residual (or mean) flow, and 2) to assess the main terms contributing 

to the across-channel dynamic balance. The analysis of these data should provide insights 

on the differences in the characteristics of flow, density, and dynamic balance at either 

side of the morphological constriction. This study quantifies and describes the transverse 

variability produced by the interaction of tidal currents with a sill in the contraction of a 

channel. It also presents estimates of key terms in the across-channel momentum balance 

to assess the validity of the geostrophic approximation. The objectives are pursued with 

observations of a towed ADCP and of conductivity-temperature-depth (CTD) profiles 

throughout one semidiurnal tidal cycle.

4.2 Study area

Ventisquero Sound is a fjord-like inlet located in the northern region of the Chilean 

Inland Sea. It is part of the northernmost end of Puyuguapi Channel (Figure 25a). The 

position of Ventisquero Sound suggests that it may be little affected by the shelf 

processes occurring adjacent of the Chilean Inland Sea. The tidal wave propagates 

eastward entering to the Inland Sea through Guafo Mouth and bifurcates to the north and 

to the south through Moraleda Channel. Tidal ranges reported in the confluence of 

Moraleda Channel and Jacaf Channel are 2.3 m [SHOA, 1994], which suggests a typical 

semidiurnal tidal amplitude of about 1.1 m in the region of Ventisquero Sound. This 

confirms the field observations of Valle-Levinson et al. [2001a] and their theoretical 

approximation to this value based on Stigebrandt [1977].

Because of its orientation at nearly 11° true, and because of the steep land 

topography surrounding this inlet, hydrodynamics in Ventisquero Sound are believed to
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be weakly affected by seasonal northwesterly and southerly winds. Nevertheless, 

funneling of winds by Puyuguapi Channel (Figure 25a) could be probably a mechanism to 

induce currents by winds in this Sound. No field measurements are available to confirm 

this hypothesis.

Freshwater inputs to Ventisquero Sound are provided mainly by Ventisquero River 

and Pascua River (Figure 25b), two ungauged streams discharging in the northern side of 

the contraction. Rivers in the Puyuguapi Channel follow the annual regime of freshwater 

discharges in the region, with two annual peaks of discharges corresponding to the 

autumn increase in precipitation (April-June) and the summer melting of snow. Sampling 

for this study was carried out in January, not far from the snow melting peak in 

November. The mean total annual precipitation (1968-1999) for stations around the study 

area fluctuates between 1100 and 2100 mm (SMA, pers. comm.). By the effect of these 

inputs there is a well defined pycnocline shallower than 10 m depth in the northern region 

of Puyuguapi Channel [Silva et al., 1995, Silva et al., 1997].

As indicated by Valle-Levinson et al. [2001a], the geomorphology in Galvarino Pass 

represents a coastline constriction of about 90%, decreasing from 2000 m to 200 m in just 

1500 m in the along-channel direction. Depth varies from 40 m on the landward side of 

the pass to 10 m at the shallowest portion of the sill to 80 m south of the pass.

4.3 Data collection and processing

A 614.4 kHz RD Instruments Broadband ADCP and a Trimble Global Positioning 

System (GPS) interfaced to a laptop computer were used to obtain velocity profiles in the 

sampling area during one complete semidiurnal tidal cycle on January 12,1998, during
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spring tides. The ADCP was mounted on a catamaran -1.2 m long, that was towed from 

the starboard side of the R/V Arturo Prat (of the Technical Fisheries Institute in Puerto 

Cisnes, Chile.), at speeds between 2 and 2.5 m/s. Velocity profiles with a vertical 

resolution (bin size) of 0.5 m and ping rates of - 1 Hz were averaged every 15 s, yielding 

a spatial resolution of -30-40 m. Four across-channel transects (numbers 1 to 4) and one 

along-channel transect (number 5), covering the circuit indicated in Figure 26 were 

traversed 8 times during the 12 hours of data collection. The ADCP data were calibrated 

according to Trump and Marmorino [1997]. Bad data were removed following the 

procedure explained by Valle-Levinson and Atkinson [1999]. After the heading correction 

was applied, the data were rotated counterclockwise 10° (transect I), -5° (transect 2), 30° 

(transect 3), 50° (transect 4) and -10° (transect 5) to an along- (v-flow) and across- (u- 

flow) channel coordinate system. These angles were oriented to the direction of greatest 

variability of the tidal currents and of weakest across-channel tidal flows. The present 

work was carried out during calm wind conditions.

Density profiles were measured with a Hydrolab Datasonde 4 CTD multiprobe in the 

stations A to D indicated in Figure 26. The accuracy of the salinity and temperature 

measurements was ±0.2 and ±0.1 °C, respectively, and the resolution of these 

measurements was 0.01 for salinity and 0.01 °C for temperature. Problems with the 

pressure sensor during the CTD casts invalidated the values below of -15 m. Density 

values were obtained from temperature, salinity, and pressure with the international 

equation of sea state of seawater [e.g. Gill, 1982]. The sampling rate of the CTD was 0.2 

Hz, thus making each CTD cast a time-consuming task (-10 min).
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Figure 26. The ADCP profiles were made in the circuit shown in the figure, following the 
arrow directions. The approximate position of the ADCP transects is shown (numbers 1 to 3). 
CTD profiles were made in positions A to D.
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The semidiurnal tide (represented by the M2 constituent) was separated from the 

subtidal signal of the observed flow components using sinusoidal least squares regression 

analysis [e.g. Lwiza et al., 1991], After determining the mean subtidal flow, the relative 

magnitude of the advective and frictional terms was compared to that of the Coriolis 

accelerations. To do this, a right-handed coordinate system was adopted for which >• 

(along-channel direction) was positive toward nearly 10° (transect 1), 355° (transect 2), 

30° (transect 3), 50° (transect 4) and 350° (transect 5); while the .t (across-channel 

direction) was positive to nearly 100° (transect 1), 85° (transect 2), 120° (transect 3), 140° 

(transect 4) and 80° (transect 3). It followed that the along-channel and across-channel 

components of the velocity were given by v and u, respectively. In the across-channel 

direction, the subtidal momentum balance for transects I to 4 may be then given by

<u(du/dx)> - <j\»  = - < i/p(dp/dx)> + < A .0 tu/dzl)> + <A,0uldxr)> (4.1)

and for transect 5

<v(du/dy)> - <fv> -  - <1 /p(dp/dx)> + < 4 .(d^u/cr )> + <AA(d2H/dy!)> (4.2)

where u(du/dx) and v(du/dy) are the advective terms, fv  is the Coriolis term (/=l .01 xl0~*), 

l/p(dp/3x) is the pressure gradient term, A. (d*’w/dr) is the vertical frictional term, 

Ah{d2u/dxr) and Ah{druldy) are the horizontal frictional terms, and brackets (< >) denote 

tidal averages. The coefficients A. and Ah denote the vertical and horizontal eddy 

viscosities. These were the terms of the complete momentum balance that could be 

reliably approximated, with exception of the pressure gradient term. The magnitudes of
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each term were used to compare their relative contribution to the momentum balance in 

the across-estuary direction.

For the vertical eddy viscosity, A ., I used the empirical form A.= 1.5 x 10'5 ur„Jf of 

Bowden and Hamilton [1975] to obtain a first estimate for the magnitude of this 

coefficient, where u^  is the rms tidal velocity. For the magnitudes of the currents and 

depths observed in this experiment, the applicability of this solution seemed to be 

acceptable, following the procedure of Ianniello [1977]. The relationship proposed by 

Csanady [1975], A.= u.2 / 2 0 0 / for estuaries of large depth, where u. is the frictional 

velocity (x/p)1/2, also leads to similar results. The values obtained from both solutions for 

our data set are in the range of A.=0.0001 to A.=0.0014 nr/s. I use a constant eddy 

viscosity coefficient of 0.0005 m2/s for transects 1 to 4 and 0.001 nr/s for transect 5. 

Similar empirically derived forms for the magnitude of the horizontal eddy viscosity in 

tidal channels are less widely used. Tee [1976] used a value of Ah =100 m*7s for an 

energetic tidal channel (currents of ~5 m/s), Ianniello [1979] used estimates ranging from 

1 to 10 nr/s for tidal channels, and Jones and Elliot [1996] used estimates of 0.5 to 10 

nr/s in the parametrization of friction in rivers. Ianniello [1979] also proposed a way to 

estimate the width of the channel that makes horizontal friction comparable to the vertical 

friction. According to this, the widths in Ventisquero Sound are within the ranges where 

horizontal friction is important. Then I will use a conservative estimate of Ah =0.5 nr/s 

for transects 1 to 4 and Ah =1 nr/s for transect 5, according to the velocities observed in 

this system.

4.4 Results

This section presents the across-channel distribution of the subtidal (or mean) and
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tidal flows for the period of observation in the five transects. It also describes mean 

vertical density profiles made at the four stations(A-D, Fig. 26). It also presents the 

magnitudes and across-channel distributions of the terms indicated in (1), with exception 

of the pressure gradient term. A comparison among the magnitude of various terms is 

shown at the end.

Mean flow

The along-channel mean flow over the period of observations for transects 1 and 2 is 

shown in Figure 27. The northern transect 1 showed inflows over the channel and 

outflows over the slopes, which was more evident in the east side. Theoretical results 

have shown that this last pattern may be attributed to the effect of the cross sectional 

bathymetry [Wong, 1994]. This pattern is partially suggested in the east side of transect 2, 

as this transect did not covered the full width of the channel. The along-channel mean 

flow for transects 3 and 4 (Figure 27) showed the greater magnitudes (-10 cm/s) in the 

west side, consistent with the presence of the channel on the left (west) and the 

constriction on the right (east). In the channel, outflow occurred in the upper 15 m and 

inflow between 15 and 30 m. It is interesting to note that partition between inflows and 

outflows also appears in the horizontal plane and that waters below 25 m are nearly 

quiescent. As expected, in transect 5 the along-channel flow showed maximum net 

velocities of about 12 cm/s over the sill.

In the case of the across-channel mean n-flow (Figure 28), it remarkably showed 

mean sectional values comparable to those of the along-channel mean flow. Means of 

transects 1 and 2 were greater than their equivalent in the along-channel mean flow. This 

pattern might be attributed to the marked effect of the coastal geometry in the region of
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Figure 27.- Across-channel distribution of the along-channel mean flow. Net inflows are lighter 
and net outflows are darker. Transects 1 and 2 show evidence of inflows in the center and 
outflows on the sides. Transects 3 and 4 show the strongest outflows in the west side in the first 
IS m. Inflows dominate below IS m and in the east side near surface. Transect S shows 
along-channel (not across) distribution. The strongest inflows are observed over the sill. Near 
the upper right comer of each panel there are the absolute values of the sectional means. 
Contour interval is 2 cm/s, except in transect S where it is 4 cm/s. Horizontal scales are 
comparable between transects 1 and 2, and between transects 3 and 4. Data in the shaded 
region near the bottom was not considered in the analysis due to side lobe effects. White region 
near the bottom was out of the profiling range o f the ADCP.
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Figure 28.- Across-channel component of the mean flow. Flows toward the east are lighter 
and flows toward the west are darker. Transects 1 and 2 show dominance of flow toward the 
west. Westward flow in transects 3 and 4 dominates near surface in the east side, while 
eastward flow is important near surface in the west side. Below 15 m lateral flows are less 
important (< 2 cm/s). Transect 5 shows the strongest west flows (out of the paper) in the north 
and near surface in the south. Near the upper right comer of each panel there are the absolute 
values of the sectional means. Contour interval is 2 cm/s, except in transect 5 where it is 4 cm/s. 
Horizontal scales are comparable between transects 1 and 2, and between transects 3 and 4. 
Data in the shaded region near the bottom was not considered in the analysis due to side lobe 
effects. White region near the bottom was out of the profiling range of the ADCP.
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the contraction, which accelerates the flows in the transverse direction. Transects 1 and 2 

in the northern side showed dominance of negative values (flow to the west) in the 

sections. This produced a tendency of the flow to rotate anticlockwise throughout the 

water column to the north of the sill, which is evidenced at all depths. On the other hand, 

to the south of the pass the flow exhibited a convergence in the first 20 m at about 400 m 

from the western side. This pattern might be attributed to the coastal geometry, which 

deviated to the east the flow coming from the south, converging to the channel outflow. 

The across-channel mean flows of transect 5 also confirmed the tendency for 

recirculations at the north end of the transect, as flow was directed to the east (positive 

values) in this region. In the southern side of this transect, positive values were also 

consistent with the south-east direction of the outflow.

Vectors at selected depths plotted for the mean flow described above are presented in 

Figure 29. Circulation patterns suggested by the contours presented above, were 

confirmed in these figures. In the northern side there was a tendency of the flow to rotate 

anticlockwise at all depths. It was noticeable how in the deep region (depth of 34 m, 

Figure 29), residual flows were still about 5 cm/s in the northern region, which suggests 

that the presence of the sill favors retention of waters in the northern basin. South of the 

pass, there was a two-layer structure on the west with surface outflow (at 2 and 6 m)and 

inflow at depth (20 m), which is supported by density profiles that will be shown later.

Strongest outflows and inflows appearing to the south of the pass were concentrated 

over the west side. Convergence of the flow was more clearly observed at 6 m in Figure 

29 in the west side of transects 3 and 4. This feature was observed in the field in at least
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Figure 29. Arrows of the mean flow distribution at four selected depths (2 ,6 ,20  and 34 m).
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four of the eight ADCP repetitions. The mean flow within the pass showed that the 

boundary for outflows and inflows appears in the narrowest region. The strongest inflows 

(~ 12 cm/s) were observed in the sill region and the strongest outflows (~8 cm/s) to the 

south of the pass.

Tidal current amplitudes

The across-channel distribution of the semidiurnal tidal current amplitudes are 

presented in Figure 30. To the north of the pass, maximum amplitudes of about 15-20 

cm/s occurred preferentially at mid-depth and near surface. To the south of the pass, the 

greatest amplitudes of about 22 cm/s (transect 3) and 15 cm/s (transect 4) were located 

over the channel on the western side, near surface, with amplitudes tending to zero below 

20 m depth. Transect 5 showed the greatest amplitudes of about 65 cm/s over the sill. 

There is a pattern showing maximum amplitudes increasing northward, with the greatest 

values over the sill, and decreasing northward to almost one half of those to the south of 

the pass. This pattern seems to follow continuity constraints and reflect a Bernoulli-type 

of dynamics.

Density profiles

Mean density profiles for stations A, B, C and D (Figure 26) are presented in Figure 

31. Vertical stratification was stronger in the southern (C, D) side than in the northern 

(A, B) side of the sill, as a result of greater supply of saline water to the southern side.

The evolution of the density in time for stations B and C, presented by Valle-Levinson et 

al. [2001a], also revealed that the northern side experiences weak perturbations from tidal 

forcing, as deduced by the position of the 15 ot isopycnal during one tidal cycle.
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Figure 30. Across-channel distribution of the along-channel tidal amplitude for the semidiurnal 
component, obtained from the ADCP current measurements. Transects 1 to 4 looking 
up-estuary, transect 5 looking toward the west. Near the upper right comer of each panel there 
are the absolute values of the sectional means. Contours are 2 ,5 ,10 , 15,... cm/s, except 
in transect 5 where they are 5 ,10 ,20 ,30 ,... cm/s. Horizontal scales are comparable between 
transects 1 and 2, and between transects 3 and 4. Data in the shaded region near the bottom was 
not considered in the analysis due to side lobe effects. White region near the bottom was out of 
the profiling range of the ADCP.
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Figure 31.- Density profiles in the positions A to D indicated in figure 2. a) north of 
the sill and b) south of the sill. Vertical stratification is greater in die southern side of the 
pass. Stations close to the coast (A and D) are less saline than those near the center.
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Water is less dense at coastal stations (A and C) than in the stations in the center of 

the channel. In the northern side, lower salinities at station A are probably due to the 

effect of a nearby river discharge and the effects of the earth’s rotation. Differences in 

density between stations A and B might be also related to the along-channel mean flow 

(Figure 27). Net outflow, near the eastern coast, might be associated with lighter water 

(A), and net inflow, in the center, with heavier water (B).

Across-channel dynamics

The across-channel distributions of the tidally averaged Coriolis term <fv  > , the 

advective term < u(du/dx) > and the frictional terms < A;(d*V0r) > and < Ah{druldxr) > 

were used to establish their relative contribution to the across-channel momentum 

balance. Figures 32, 33,34 and 35 show the distribution of the Coriolis, advective, 

vertical frictional and horizontal frictional terms, respectively, with magnitudes 

expressed in units of acceleration m/s2 x 10"6.

In all of these figures transects 1 to 4 are looking up-estuary, and transect 5 is 

looking toward the west. Scales of distance and depth are comparable between transects I 

and 2, and between transects 3 and 4. Scales in transect 5 are not comparable with other 

transects.

As expected, the Coriolis term (Figure 32) resembled the mean v-flow distribution 

(Figure 28), as it is directly proportional to it. The advective term (Figure 33) showed 

greater sectional means to the north of the pass than south of the pass, as expected from 

the recirculation of the mean flow observed in figure 29. In the case of transect 5, the 

across-channel advective term was greater over the sill than in deeper regions, and its
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Figure 32.-. Contours of the tidally averaged Coriolis term in the five transects. Near 
the upper right comer of each panel there are the absolute values of the sectional means. Title 
o f transect 1 is valid for transects 1 to 4. Contour interval is 2 (xlO*) m/s2 except in transect 5 
where it is 4 (xl(T) m/s2. Horizontal scales are comparable between transects 1 and 2, and 
between transects 3 and 4. Data in the shaded region near the bottom was not considered in the 
analysis due to side lobe effects. White region near the bottom was out of the profiling range of 
the ADCP.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



90

West <u(du/dx)>  (x10~6 m /s2) East
0 

10 
20 

a. 30 
O 40 Transact 1

o  40

West

VA
Transect 2

0.00 0.05 0.10 0.15 0.20 0.25

E a s t

Transect 3 ~4.'& /S /ss ,„ sss ///4 &

Transect 4 _frfYfly
q  50

S o u th
0.2 0.4 0.6 0.6

<v(du/dy)>  (x10"# m /s2) N o rth

7.3

9.2

2.7

2 .1

5  20 
a.

Transect

1.0 1.5
Distance (km)

Figure 33.-. Contours of the tidally averaged advective term in the five transects. Near 
the upper right comer of each panel there are the absolute values of the sectional means. Title 
of transect 1 is valid for transects I to 4. Contour interval is 2 (xlCO m/s2 except in transect 5 
where it is 4 (xl(T) m/s2. Horizontal scales are comparable between transects 1 and 2, and 
between transects 3 and 4. Data in the shaded region near the bottom was not considered in the 
analysis due to side lobe effects. White region near the bottom was out of the profiling range of 
the ADCP.
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sectional mean was the highest of the five transects. The sectional distribution of the 

vertical friction term is presented in Figure 34. As expected, transect 5 showed the 

highest values over the shallowest region and near the bottom. To the north of the pass, in 

transects 1 and 2, the frictional terms exhibited a layered pattern, while to the south of the 

pass, in transects 3 and 4, the pattern was spotty. This might be related to the depths of 

both regions, as northern transects were shallower than southern transects. The horizontal 

frictional term in Figure 35 showed similar sectional means in the five transects. The 

layered and spotted patterns to the north of the pass and to the south of the pass, 

respectively, were also observed.

4.5 Discussion

In the results presented above, the system under study seems to have different 

residual circulation patterns on both sides and within the pass. To the north, there is a 

tendency of the flow to rotate anticlockwise, with strong lateral flows and low 

stratification. To the south, the system exhibits stratification, a two-layer vertical structure 

and flow convergence in the westernmost third of the sections. Over the sill, there is an 

enhancement of tidal current velocities by continuity effects. A schematic diagram 

representing the main characteristics of the mean flow is presented in Figure 36. In 

agreement with these different patterns, the across-channel dynamic balance also exhibits 

some differences among the regions. The approximate relative magnitude of the terms in 

the across-channel direction ( Figures 32 to 35) is presented in Figure 37. They are the 

absolute values of the sectional means from Figures 32 to 35. In general, they show that 

the four terms are important to the across-channel momentum balance, with comparable
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Figure 34.-. Contours of the tidally averaged vertical friction term in the five transects. Near 
the upper right comer of each panel there are the absolute values o f the sectional means. Title 
of transect 1 is valid for transects 1 to 4. Contour interval is 2 (xl(T) m/s2 except in transect 5 
where it is 4 (xlCH m/s2. Horizontal scales are comparable between transects 1 and 2, and 
between transects 3 and 4. Data in the shaded region near the bottom was not considered in the 
analysis due to side lobe effects. White region near the bottom was out of the profiling range of 
the ADCP.
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Figure 35.-. Contours of the tidaily averaged horizontal friction term in the five transects. Near 
the upper right comer of each panel there are the absolute values of the sectional means. Title 
of transect 1 is valid for transects 1 to 4. Contour interval is 2 (xKT) m/s: except in transect 5 
where it is 4 (xl(T) m/s:. Horizontal scales are comparable between transects 1 and 2, and 
between transects 3 and 4. Data in the shaded region near the bottom was not considered in the 
analysis due to side lobe effects. White region near the bottom was out of the profiling range of 
the ADCP.
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Figure 36.- Schematic representation of the mean flow at surface (black arrows) and at 
~20 m depth (solid gray arrows) in the study region.
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one standard deviation. See equations 1 ,2 ,3 , and 4 for specifications of the terms.
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values among them. The exception to this is the advective term, which seems to be about 

four times greater to the north of the pass than to the south of the pass, and about six 

times greater in transect 5 than to the south of the pass. This is probably a result of the 

recirculation produced in the northern basin and nonlinearities induced by bathymetry and 

coastline geometry in the sill, respectively. The baroclinic pressure gradient might also be 

relevant to this balance as differences in density (Figure 31) between both sides of the sill 

are noticeable and also there is marked stratification to the south of the pass. The 

barotropic pressure gradient would be less important here as the transverse slopes in sea 

level are probably less than ~10'5 or 1 cm in 1 km, which might not be possible in this 

area. It follows from Figure 37 that most of the terms in (4.1) and (4.2) should be 

important contributors to the lateral momentum balance. Nevertheless, as mentioned 

before in the analysis of figures of the along-channel and across-channel mean flow 

(Figures 27 and 28, respectively), the magnitudes of the mean flow in both dimensions 

seemed to be comparable between them. In order to further explore the effect of this 

similarity in the dynamic balance, we will make some comparisons with the along- 

channel momentum balance.

In the along-channel direction, the subtidal momentum balance for transects 1 to 4 is 

given by

<u(dv/dx)> + <fu> = - < Up(dp/dy)> + <A.(c^v/dr)> + <AA(d2v/0.r)> (4.3)

and for transect 5

<v(dv/dy)> + <fu> = - <Up(dp/dy)> + <A.(cPv/d;r)> + <AA(02v/3y2)> (4.4)
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which contain the terms that, with the exception of the pressure gradient term, may be 

reliably computed with the sampling design. As shown in Figure 37, sectional means 

obtained for these terms on each transect (contours not plotted here) are remarkably 

similar to the magnitudes of the means in the across-channel direction. The importance of 

the advective term in both directions in transects 1,2 and 5 is also observed in the along- 

channel terms. This behavior might be attributed to the similar magnitudes of the u 

velocities and v velocities in the transects of the northern side and over the sill (Figures 

27 and 28), which make the terms u(du/dx) and v{dv/dy) also the largest in the transects.

It is noteworthy to highlight the resemblance of the magnitudes between the terms in the 

across-channel and along-channel direction, as the across-channel dimension is 

customarily neglected in estuarine systems. Convergence of the coastline in the region of 

the contraction might be responsible for the enhancing of lateral accelerations of flow in 

these regions, making lateral flow comparable to the along-channel flow. River discharge 

in the northern side could also be a factor influencing the tendency of the flow to rotate, 

enhancing the lateral flow to the west exhibited in transect I at all depths. The effects of 

river discharge in the formation of tidal eddies in the northern side is a matter that 

requires more attention.

It is also notable that recirculation in the northern region might constitute a 

mechanism of retention of water, making residence times of the water in the northern 

basin much longer than in the south. This finding should be a matter of further 

investigations in the region as the mechanisms of dispersion of pollutants and particulate 

material are strongly restricted by the presence of the sill in Galvarino Pass. This issue
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might become particularly sensitive as the main population area (Puyuguapi Port, Figure 

25) is located in the northernmost region of Ventisquero Sound.

In summary, the mean flow in the northern side of the pass showed a tendency of the 

flow to rotate anticlockwise throughout the water column. This feature should result in a 

sluggish flushing of the northern side. South of the pass, mean surface outflow and mean 

bottom inflow (at 20 m) developed near the western side of the fjord. Within the pass, the 

shallowest and narrowest section represented a boundary between inflows and outflows. 

The strongest net inflows (-15 cm/s) were observed in the sill region and the strongest 

outflows (-10 cm/s) were seen to the south of the pass. The magnitude of the tidal flows 

increased toward the north, reaching a maximum over the sill, and then decreased 

northward owing to continuity conservation of mass. In the across-channel momentum 

balance the advective terms seemed to be greater than the rest of the terms to the northern 

of the pass and over the sill. Magnitudes of the terms in the along-channel momentum 

balance were comparable to those in the across-channel direction, highlighting the 

importance of the transverse dimension under strong geometric constraints.
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DYNAMIC SIMILARITY AND NONDIMENSIONAL ANALYSIS

5.1 Introduction

The basis for the concept of dynamic similarity, a principle at the heart of 

experimental fluid mechanics, is that two flows having different length scales, flow 

speeds, or fluid properties can be apparently different, but still “dynamically 

similar”[^n/id«, 1990]. The concept of similarity is intimately associated with the idea of 

dimensionless products, in which there is an intensive use of unified data presented in 

terms of nondimensional parameters. For example, flows having similar values of 

Reynolds number may be dynamically similar. Very useful relationship between models 

in the laboratory and natural systems may be established on the basis of sound physical 

considerations, coupled with a dimensional analysis. The similarity principles are widely 

used in presenting experimental (laboratory) data, where the use of dimensionless 

products of the variables under study is especially useful. In establishing the magnitudes 

of the main dimensionless groups, there is also an essential benefit in scaling terms in the 

momentum balance, which allows determination of the relative importance of different 

physical forces to the dynamics.

The idea of similarity is also the basis of model testing, in which laboratory data of 

one flow can be applied to other flows. Thus, prototypes designed in laboratory, based in 

principles of dynamic similarity, may help in describing the behavior of other similar 

systems outside the laboratory. Nevertheless, in applying the similitude of laboratory to 

estuarine stratified flows, there is not always complete dynamic similarity, as the 

interfacial layer in the experiment may be in a quasi-laminar state, while the prototype
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may be completely turbulent, leading to different rates of mixing [Grubert, 1989]. This 

would not be the case when comparing natural systems, as the flows are always turbulent.

But in studying dynamic similarity, the geometry of the systems also plays an 

important role, then geometric similarity is also desirable as a precondition to dynamic 

similarity. Nevertheless, this is difficult to attain in natural systems, and the geometric 

characteristics, usually described by a series of lengths and angles, can be used as a 

complement to the dynamic similarity analysis. In the case of across-channel sections, the 

characteristics of interest are customary referred to as the width (W), total depth (//), the 

ratio (HAV), the cross sectional area (A), and the hydraulic radius (A/w), where w is the 

wetted perimeter, i.e. the perimeter of the cross-section in contact with the fluid. For 

those bottom profiles where a topographic feature is present, there are also two 

parameters of interest, the aspect ratio A-H/L, where L is the horizontal length of the 

feature, and the fractional height of the feature S~hJH, where hm is the maximum height 

of the feature above the bottom.

In the preceding chapters, the relative importance of the inertial, Coriolis, and 

frictional effects in the across-channel variability has been investigated. Now it is 

necessary to determine if the scaling of the terms observed in the cross-sections are 

consistent with the size of the nondimensional flow groupings. The purpose of this study 

is to compare the flow characteristics in the three systems under study, in order to 

establish dynamic similarities among the cross-sections. To do this, a nondimensional 

analysis is performed, making use of four dimensionless numbers customarily used in 

oceanography: the Rossby number, the Ekman number, the Reynolds number and the
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Richardson number. Tidal range to depth ratio, a parameter widely used in estuarine 

studies, is also used in comparing the three natural systems. A description of these 

numbers is shown in the following paragraphs.

5.2 Nondimensional numbers

Rossby number

An important measure of the significance of the earth’s rotation for a particular 

phenomenon is the Rossby number.

D _ Advection (J  . .

Coriolis L f

The Rossby number (Ra) compares advection (or inertia) to Coriolis force, which 

considers the time (L/U) it takes for a fluid element moving with speed U to traverse the 

distance L. If this time is much less than the period of rotation of the earth, the fluid will 

have a weak sense of the earth’s rotation over the time scale of the motion. For rotation to 

be important, then U/Lf, where/is the Coriolis parameter, has to be much less than 1. 

This number is currently used to define large-scale motions, which are significantly 

influenced by the earth’s rotation [Pedlosky, 1987], as well as in modelling the vorticity

generation on the shelf [Janowitz and Pietrafesa, 1982], and in the diagnosis of flow

curvature [Shearman et al, 2000].

Ekman number

Another parameter where the significance of the earth’s rotation is important is the 

Ekman number. The Ekman number (Ek) compares friction (vertical or horizontal) to

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



102

Coriolis force.

££ _ Vertical friction _ ^
Coriolis f l i 2

££ _ Horizontal friction _ ^  ^
Coriolis fL 2

Where A . and Ah are the vertical eddy viscosity and the horizontal eddy viscosity, 

respectively, L is a typical horizontal scale and H is a typical depth. Small Rossby and 

Ekman numbers (« 1 )  indicate no departures from a quasi-geostrophic balance.

Reynolds number

The Reynolds number is one of the dimensionless numbers that can represent certain 

characteristics of the flow of homogeneous and stratified fluids in channels [Dyer, 1997]. 

The Reynolds number compare the relative importance of inertia and viscous forces in 

determining the resistance to flow.

Re - Inert*a farce _ UL ^  ^
Viscous force v

where U is a velocity, L is a distance and v is the kinematic viscosity, the ratio of 

molecular viscosity to density (p /p). Equality of Re is a requirement for the dynamic 

similarity of flows in which viscous forces are important. (Kundu, 1990, p 260).

Reynolds numbers based on molecular friction have been used in studying and modelling 

of the benthic boundary layer [i.e Sternberg, 1968; Green, 1992], and also reported for 

studies of shear instabilities after passing through a lateral constriction [Seim and Gregg,
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1994]. But in unstratified conditions in rivers and estuaries the flow is always transitional 

to fully turbulent. While the Reynolds number based on molecular friction is out of the 

scope of this study, the ratio of the non-linear terms and the friction terms, measured by 

the Reynolds number based on eddy viscosities, remains an important parameter. Use of 

eddy viscosities is based on the fact that in the ocean, where the motion is generally 

turbulent, the effective value of kinematic viscosity is the eddy viscosity [Tennekes and 

Lumley, 1972; Pedlosky, 1987; Cushman-Roisin, 1994; Pond and Pickard, 1995]. The 

apparent friction effects in the ocean, as quantified by the eddy viscosities, are much 

larger than molecular ones. As an example, horizontal eddy viscosities values are 107 to 

10“ times molecular values while the vertical values are 10 to 105 times molecular values 

[Pond and Pickard, 1995]. That is why eddy viscosity must replace molecular viscosity in 

the momentum equations [Cushman-Roisin, 1994]. Applications of the Reynolds number 

with eddy viscosity are found in studies of the flow in the lee of island wakes [White, 

1973; Pingree and Maddock, 1980; Wolanski et a i 1984; Pattiaratchi et al. 1986], in 

recirculating flows [Dennis and Middleton, 1994], in determining instabilities in the 

western boundary layer [Ierley and Young, 1991], and in the instabilities associated to 

internal gravity waves [Skyllingstad and Denbo, 1994], among others. It is also customary 

to compare inertial and frictional forces by defining a Reynolds number, that involves the 

nondimensional numbers discussed above Re = Ro/Ek. and Reh = Ro/Ekh [Cushman- 

Roisin, 1994].

We can, in fact, ignore molecular friction in the ocean, as it only becomes important 

very close to solid boundaries, where low values of Re will occur at low values of U
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and/or of L. An example using molecular friction in estimating Re in tidal channel beds is 

provided by Sternberg [1968].

Richardson number

The competition between the stabilizing forces and the flow vertical shears is 

customarily expressed as the Richardson number

of mechanical and density effects. If Ri is less than zero, density variations enhance the 

turbulence; if Ri is greater than zero they tend to reduce it. It has been postulated that the 

neccesary but not sufficient condition for instability to occur in stratified flows is when Ri 

is less than 0.25. [Miles, 1961]. This is a nondimensional number widely used in 

estuarine systems [Dyer, 1997].

Tidal range to depth ratio

The first approximation to the understanding of flow similarities might be provided 

by using the tidal range to depth ratio. This ratio may be used as an indicator of the 

strength of the nonlinearities with respect to tidal forcing [Giese and Jay, 1989], as a 

scaling of the continuity equation in convergent channels [Friedrichs and Aubrey, 1994], 

as a tidal asymmetry factor [Friedrichs and Aubrey, 1994], and as a measurement of the 

degree of damping or amplification in an estuary [Savenije, 1998]. It has been also used 

as a restriction in the application of a numerical model of non-linear tidal interactions in a

Bouyancy
Inertia

(5.5)

where N2 is the Brunt-Viiisala frequency. This is also a measure of the relative importance
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tidal estuary [Scott, 1994], and as restriction to minimize error when computing net 

discharge in estuaries with a large (> 0.3) tidal range to mean water depth [Kjerfve, 1975]. 

Typical values of this ratio in fjords are less than 0.1, but in many coastal plains and bar- 

built estuaries they may reach 0.3 to 0.7 [Kjerfve, 1975].

5.3 Methods

Six cross-sections from the three systems under study were chosen to study their 

dynamic similarity. They are Aysen Fjord, Chacao Channel, and Ventisquero Sound 

transects 1 to 4. Transect 5 at Ventisquero Sound was not considered in this analysis as it 

was a longitudinal transect. Their corresponding bottom profiles are presented in Figure 

38. Notice the differences in lateral and vertical scales. Some geometric characteristics of 

these cross-sections are presented in table 2.

Table 2. Main geometric parameters and other values of interest

Aysen F. Chacao C. VI V2 V3 V4

Tidal currents (m/s) [u„] 0.2 3.5 0.35 0.35 0.25 0.25

Tidal range (m) [hj 2.2 6.5 2.2 2.2 2.2 2.2

Sectional area (mJ) x 104 [A] 49.8 15.4 2.7. l.l 7.3. 9.8

Hydraulic radius (m) [R] 163.7 72.2 43.9 37.1 56.0 83.6

Wetted perimeter (m) [iv] 3047 2143 627 301 1302 1183

Mean depth /width [H/W] 0.05 0.03 0.07 0.12 0.04 0.07

Aspect ratio [A] 0.13 0.17 - - 0.04 0.03

Fractional height [<J] 0.74 0.83 - - 0.33 0.22
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Figure 38. Bottom profiles in the six sections under study. Depth and wide scales are different 
in the sections.
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For the lateral momentum balance, the dimensionless numbers may be given by 

Rossby number

^  _ Advection term _ v(dv/dy)
° Coriolis term fu

for the cross-sections in Aysen Fjord and Chacao Channel, or

D u(du/dx)
° =  1-----fv

or the cross-sections in Ventisquero Sound. These numbers will constitute a proxy of the 

typical dimensionless number R0=U /JL, where U is a typical velocity occurring in a 

distance L.

Ekman number (vertical)

££ _ Vertical friction term _ A.[6~v/6;~]
Coriolis term fu

for the cross-sections in Aysen Fjord and Chacao Channel, or

A.[d2u/dr]
Ek. =

for the cross-sections in Ventisquero Sound. 

Ekman number (horizontal)

fv

££ _ Horizontal friction term _ Aft[d~v/d)r] 
h Coriolis term fu
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for the cross-sections in Aysen Fjord and Chacao Channel, or

_ A ^ u /d x 1] 
Lkh -

f t

for the cross-sections in Ventisquero Sound. These numbers will constitute a proxy of the 

typical dimensionless number Ek.=A. /  JH2 and Ekh=Ah/ fL2.

Reynolds number (vertical)

Re _ Advection term _ vjdv/dy) 
Vertical friction term A_[d2v/3z2]

for the cross-sections in Aysen Fjord and Chacao Channel, or

Re _ u(du/dx)

A.[dlu!dr]

for the cross-sections in Ventisquero Sound. 

Reynolds number (horizontal)

_ Advection term _ vjdvldy) 
h Horizontal friction term A^drvtdy2)

for the cross-sections in Aysen Fjord and Chacao Channel, or

Re _ ujdu/dx) 
A ^ u / d x 2]
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for the cross-sections in Ventisquero Sound.

The Richardson number was computed making use of the density profiles taken 

during the sampling in the three systems. Velocity measurements obtained in the near 

vicinity of the corresponding CTD cast were used together with density profiles to obtain

_gdp  

Ri = ------- ^ -----
r*i]2 ,  

oz dz

Once the corresponding dimensionless groups were obtained in the way indicated 

above, outliers were removed from each series according to the following procedure. 

Unrealistic values over 1000 were removed from the series. Even for large Reynolds 

number obtained in laboratory experiments [Van Dyke, 1982], this number seemed to be 

large. For the remaining data sets, differences of the means were standardized by the 

standard deviation. Values over three standard deviations were removed from the series. 

The mean and range of the new series without outliers were plotted for each 

dimensionless number in order to establish similarities and differences among the 

systems. A comparison between means and variances of each dimensionless group was 

performed using the r-student and F-test, respectively. The analysis of similarity was 

based in matrices of resemblance of the means and variances of each dimensionless 

number for the 6 systems.

A similar procedure was applied with the data set of tidal range to depth ratio 

obtained for the six sections. Values of maximum tidal ranges during spring tides for the 

six places, reported in nautical charts of the three regions, divided by the depths in the
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bottom profile for each section were considered. These ratios were calculated in order to 

assess the contribution of the nonlinearities to the dynamics in these systems.

5.4 Results

This section describes the results of the nondimensional analysis for the six cross- 

sections under study. The results are presented following the nondimensional groups. 

Figure 39 shows the distribution of the tidal range to depth ratio in the six sections. With 

exception of Chacao Channel, the sections had ratios less than 0.1, which were typical 

values of fjords. The large variability in the Chacao Channel data might be attributed to 

the large variations of the depths in the cross-section, owing to the pinnacle in the center. 

In this channel the largest tidal range (6.5 m) contributed to its highest mean value in the 

six distributions, and it was also an indication of the importance of nonlinearities in this 

section. Aysen had the smallest ratio suggesting smallest nonlinearities.

The results for the Rossby number are presented in Figure 40. Just the transects 

located in the south side of the Galvarino Pass (Ventisquero 3 and 4, hereafter “the 

pass”) seemed to be similar, as their means were similar, while the rest of the transects 

exhibited differences among them. Hence, Aysen Fjord seemed to be the only section 

where Coriolis effects were important in the lateral momentum balance. On the other 

hand, in Chacao channel Coriolis effects seemed to have the lowest relative contribution 

in the six sections. This pattern suggested that, with exception of Aysen Fjord, advective 

processes were dominant over rotational effects on the flows in the sections.

The importance of the Coriolis effect was also observed in the results of the vertical 

Ekman number (Figure 41) and Horizontal Ekman number (Figure 42). Again, a similar
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values denote effect of nonlinearities.
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Figure 40. Rossby number values distribution. White box denotes mean, and the thin line is 
the range. With the exception of Aysen, advection dominates over Coriolis in these systems.
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Figure 41. Vertical Ekman number values distribution. White box denotes mean, and the 
thin line is the range. With the exception of Aysen, vertical friction dominates over Coriolis in 
these systems.
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Figure 42. Horizontal Ekman number values distribution. White box denotes mean, and the 
thin line is the range. Horizontal friction dominates over Coriolis in Chacao Channel.
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pattern to that observed for the Rossby number was seen. Aysen Fjord seemed to be the 

most influenced by the Coriolis effect, Chacao Channel had the highest mean and 

variability, and the sections Ventisquero 3 and Ventisquero 4 looked similar in their 

means. This pattern suggests that, with the exception of Aysen Fjord, vertical friction was 

more important in the sections than the Coriolis term.

From the Horizontal Ekman number (Figure 42), Aysen Fjord also exhibited a 

distribution about unity, similarly to the previous two figures, which indicated that 

Coriolis effects are important and comparable to horizontal friction. In this figure, there is 

also a decrease in the importance of the horizontal friction in the sections of Ventisquero 

Sound, when compared with vertical friction (Figure 41), as their means are much closer 

to one than in the vertical Ekman number. Variability and means are also comparable 

between both sides of the pass in Ventisquero Sound in this figure. Very large values 

were identified in the Chacao Channel section, owing to the effect of the large horizontal 

friction found there.

The pattern emerging from the three previous figures is that the only section where
4

Coriolis term seemed to be important to the dynamics was in Aysen Fjord. This 

confirmed that the momentum balance in the across-fjord dimension is quasigeostrophic 

with weak effects of friction (vertical and horizontal) and advection.

The vertical Reynolds number was plotted in Figure 43. The means were comparable 

between Asyen Fjord and Chacao Channel, between Ventisquero 1 and Ventisquero 2, 

and between Ventisquero 3 and Ventisquero 4. In all the cases advection was more 

important than vertical friction. Something peculiar is observed here. Aysen Fjord and
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Chacao Channel, separated by about 400 km, were more similar in terms of their ratio of 

advective to vertical friction effects, than the transects from the north (Ventisquero 1 and 

2) to the south of the pass (Ventisquero 3 and 4), geographically separated by no more 

than 3 km. The latter was also the only case where Chacao Channel seemed to be similar 

to another system, which is surprising considering the peculiar characteristics of this 

strong tidal current channel.

In the case of the horizontal Reynolds number (Figure 44), with the exception of 

Chacao Channel, advection was also more important than horizontal friction in the 

sections. A mean below one for Chacao Channel was derived from the extraordinarily 

high values of the horizontal friction term (Ah =90 m2/s) already presented for this 

system. In this figure, the means observed for Ventisquero 3 and 4 were comparable 

between them, and also with Aysen Fjord. This figure also suggests an advection- 

diffusion type of momentum balance in the case of Chacao Channel because in the 

previous nondimensional groupings, friction and advection terms were much larger than 

the Coriolis term.

The Richardson number is presented in Figure 45. The effects of the different degrees 

of stratification in the systems was suggested from the figure. Chacao had the iowest 

values as buoyancy was less important in this channel and tendency to instabilities were 

higher, as expected. The four transects of Ventisquero Sound showed higher means than 

the critical Richardson number (=0.25) and greater variability than Chacao, suggesting 

that contribution of buoyancy is important here. Aysen fjord had the largest values of the 

six transects, which was probably attributed to the strong vertical gradients of salinity
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is the range. Effects of the stratification in the first 15 m are evident in the case of Aysen.
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observed during the experiment in the three stations. Nevertheless, this is probably not 

representative of the whole water column, as the maximum depth of the CTD casts was 

50 m, a fourth part of the total depth.

Similarity matrices of means are presented in Figure 46. The different degrees of 

similarities were expressed as indicated in the legend. A value of zero indicated that the 

two distributions were significantly different. For each nondimensional number (or 

matrix) there was between one to three findings of similarities between the different 

systems. Ventisquero 3 and 4, at the southern side of the pass, showed similarities (in 

different degrees) in the six nondimensional numbers, which is not surprisingly as these 

parallel transects were placed close to each other, with similar bottom profiles. In the case 

of sections at Ventisquero I and 2, at the northern side of the pass, which were also 

located close to each other, moderate similarities were found just for the Reynolds 

(vertical and horizontal) and Richardson numbers. The fact that these two sections did not 

show more similarities might be attributed to the different bottom profiles. Ventisquero I 

covered almost the whole width of the fjord (about 600 m), while Ventisquero 2 just 

covered the eastern portion for about 300 m. In addition, they were not parallel and they 

had different mean depths, thus making the behavior of the advection and frictional terms 

significantly different between them.

When the northern and the southern sides of the pass were compared (Ventisquero 1- 

Ventisquero 2 with Ventisquero 3-Ventisquero 4), similarities were found among 

Ventisquero 1 with Ventisquero 3-Ventisquero 4 in the Ekman numbers (vertical and 

horizontal) and Richardson number, which was an indication of similar frictional and
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buoyancy characteristics between the northern and southern sides of the pass. In addition, 

the strongest similarity (0.82) was observed in the horizontal Ekman number between 

Ventisquero I and Ventisquero 4.

Examples of similarities among distant sections were found in three cases. Aysen 

Fjord was in the range of “moderately similar” with Ventisquero 3 and 4 (40 km apart) 

for the horizontal Reynolds number. The resemblance between these two systems was 

provided by the fact that both systems had comparable eddy viscosities (1 and 0.5 nr/s, 

for Aysen and Ventisquero 3 and 4, respectively) and similar means of the corresponding 

advective terms. Nevertheless, the origin of the advective contribution is probably 

different, as in Aysen they were attributed to the effect of the seamount in the center of 

the bottom profile, while in Ventisquero 3 and 4 they were provided by the contraction of 

the coastline. The second case was the resemblance between Aysen Fjord and Chacao 

Channel (400 km apart), which showed moderate similarity in the vertical Reynolds 

number. In this case, the ratio of large advection over large vertical friction in Chacao, 

was comparable with relatively small advection over small vertical friction in Aysen, 

making their dynamics similar. There were also similarities between Chacao and the four 

transects of Ventisquero Sound for the Richardson number, which indicated similitude in 

the stabilizing forces. The Richardson number exhibited most similarities from transect to 

transect.

Similarity of variances between the systems was also explored (Figure 47). It was an 

expression of the resemblance in the variations of the data into every system. These 

similarities had a more complete meaning when associated with the similarities of the
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means. The paired systems that exhibited similarities between both mean and variances 

were Ventisquero 1 and Ventisquero 4 (vertical Ekman number and Richardson number), 

Ventisquero 1 and Ventisquero 2 (horizontal Reynolds number), and Aysen and 

Ventisquero 3 (horizontal Reynolds number). Similarities were stronger among these 

systems as they were not only similar in their means, but also in their variances. Again, 

the Richardson number exhibited the larger number of similarities of variances between 

transects, making similar Aysen with Ventisqueros 2 and 3.

The tidal range to depth ratio also exhibited similarities between systems (Figure 48). 

In the case of the means, they were similar between Ventisquero I and Ventisquero 2, 

very close to each other, and between Ventisquero 2 and Ventisquero 3, on both sides of 

the pass. This is not surprising as these transects have similar tidal ranges and comparable 

depths. The first pair of transects even showed similarity between the variances. But 

similarities between Ventisquero 1 and Ventisquero 2 were also observed in their means 

of the Reynolds number (vertical and horizontal) in Figure 46, which revealed a stronger 

similitude. Providing a diagnostic about the importance of the nonlinearities, the tidal 

range to depth ratio, a parameter based on a geometric characteristic, has proven to be a 

useful tool to confirm dynamic similarities of the classic nondimensional groups.

5.5 Discussion

Dimensionless numbers and geometric parameters

In this subsection I explore the relationship between the dimensionless numbers and 

some specific geometric parameters.

In terms of the magnitudes of the dimensionless numbers observed in this study,
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Tidal range to depth ratio
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Figure 48. Matrices o f similarity of mean and variances of the tidal range to depth ratio, 
using t-student test and F-student test,respectively. Values correspond to the probability that 
means or variances be equals in the range 0 to 1,1 indicating equal means or variances.
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Reynolds numbers (Figures 42 and 43) cover a wide range of values ranging from 0 to 

greater than 100, as in the case of Ventisquero 1. Critical Reynolds numbers for flow 

passing over an obstacle have been accepted as follows: below Re=5 the flow is basically 

potential flow; steady recirculating eddies exist for a range of Reynolds number between 

about 5 and 40 [Van Dyke, 1982]; and for values over 60 instabilities begin to be 

observed, leading to vortex shedding [Pedlosky, 1987, p. 309, Dennis and Middleton, 

1994]. In modelling a western boundary layer, lerley and Young [1991] found that the 

idealized flow becomes unstable between 20 and 100. The idea of an obstacle in the path 

of the flow applies for the six sections under study (a pinnacle for Chacao, a seamount for 

Aysen and the contraction for Ventisquero), then the critical values indicated may be 

taken as a reference for the analysis. Ventisquero 3 and 4 exhibit the highest ranges in 

Reynolds number, consistent with the presence of residual eddies in that region. These 

are the only two sections where the means of the Reynolds number were over 5, the limit 

for recirculations to be generated. Nevertheless, all the cross-sections had a region in their 

distributions where the flow was unstable (over 40-60).

Rossby number is also an indicator of the tendency of the flow to rotate [Shearman et 

al., 2000]. Chacao Channel shows higher mean and range values than Ventisquero 4, then 

we would expect vorticity in both regions (Figure 39). But Chacao has also strong 

frictional effects, which makes this less suitable for eddy formation in the residual flow. 

Chapman and Haidvogel [1992] investigated the formation of Taylor caps over a 

seamount. They found that independent of the fractional height of the seamount, Taylor 

columns cannot be formed if the Rossby number exceeds 0.25. Thus, these authors
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provide a good example of an application of a nondimensional number (Rossby number) 

combined with a geometric parameter (fractional height). Thus, it follows that a 

combination in the application of Rossby and Reynolds number, plus a particular 

geometric parameter, seems to be appropriate to understand the generation of residual 

eddies in any system.

Chapman and Haidvogel [1992] also classify seamounts according to their fractional 

height as tall seamounts (S > 0.7), mid-size seamounts (0.4 < S < 0.7), and short 

seamounts (6 < 0.4). According to the data presented in table n, Chacao and Aysen 

sections have tall seamounts and sections 3 and 4 of Ventisquero exhibit short seamount. 

The aspect ratio is also large in Chacao and Aysen.

So far I have presented evidence that relates the tidal range to depth ratio with 

dimensionless numbers, the Reynolds number with a topographic obstacle, and the 

Rossby number with fractional height. Further investigations are required to link the 

geometric characteristics with the dynamics of two systems that exhibit dynamic 

similarity.

Dynamics and similarities between means

In this subsection I explore the similarities among the means of the dimensionless 

numbers and the dynamics of the different systems.

In analyzing dynamic similarities among natural systems, I have been able to obtain 

evidence for similarity in the means of at least 24 combinations of dimensionless 

numbers and systems (Figure 46). In terms of the three major regions (Aysen, Chacao and 

Ventisquero), I found similarities of the means in at least one dimensionless number
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between the three possible combinations: Aysen and Chacao, Aysen and Ventisquero, and 

Chacao and Ventisquero.

Figure 46 shows that in the six dimensionless numbers Ventisquero 3 and 4 exhibited 

some level of similarity. This is not surprising as both transects were located close to each 

other, then the forces in competence on both sections were expected to be also similar. 

More revealing are the similarities that confirm the dominant terms in the momentum 

balance presented in the three previous sections of this study. In figure 46, a first example 

is provided by Aysen Fjord, which is not similar to any other system, except in those 

numbers where the effect of the earth’s rotation was not considered (Vertical and 

horizontal Reynolds number). This confirm the importance of the Coriolis term in the 

momentum balance in Aysen Fjord early reported in section 2 of this study. Making 

comparisons among Ventisquero 1 and Ventisquero 3 and 4, three sections 

representative of Ventisquero Sound, I found that they are similar just in those 

dimensionless numbers where advection is not considered (Vertical and horizontal 

Ekman number, and Richardson number), confirming that advection was dominant in 

Ventisquero Sound. A third example is provided by Chacao Channel, a system where the 

effects of the earth’s rotation were less important and Horizontal friction was the 

dominant term. It made this system different to other systems in the numbers where 

Coriolis accelerations and Horizontal friction were involved (Rossby, Ekman and 

horizontal Reynolds numbers). Instead, Chacao was similar just in one case, with Aysen 

Fjord, where their corresponding ratios of advection to vertical friction (Vertical 

Reynolds number) were similar. In this last case, resemblance occurs between a system
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dominated by nonlinearities (Chacao) and a system where quasigeostrophy dominates 

(Aysen).

In summary, the nondimensional analysis demonstrated that, in spite of the 

geographical characteristics, some similarities can be established between the dynamics 

of different flows in natural systems. Complete similarity involving the six 

nondimensional numbers, nevertheless, was just observed between Ventisquero 3 and 

Ventisquero 4. Further investigations may be addressed to elucidate in more detail the 

relationships between the dynamic similarities and the geometric characteristic of the 

sections.
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CONCLUSIONS

Current measurements and density profiles obtained in the three regions provided the 

basis for the analysis of the research questions indicated in section 1. The conclusions 

have been grouped in five main topics: 1) Subtidal flows, 2) Topographic effects, 3) 

Transverse dynamics, 4) Tidal current amplitudes and the dynamics, 5) The across and 

along-fjord dimensions, and 6) Dynamic similarity.

Subtidal flows

The mean flow in Aysen Fjord showed a three layer structure that was consistent with 

up-fjord wind-induced exchange: a thin (< 8m) weak outflow close to the surface due to 

river discharge; a layer of inflow (down-wind) underneath attributed to the effect of wind- 

stress; and a deep compensatory outflow due to the barotropic pressure gradient set up by 

the wind. In Chacao Channel, the mean flow exhibited weak vertical structure because of 

strong vertical mixing. The predominant lateral structure consisted of mean outflow 

(toward the ocean) in the channels, and mean inflow (toward Gulf of Ancud) over the 

pinnacle and the sides of the channel. This lateral structure pattern was consistent with 

the mean flow pattern expected from tidal rectification, as robust overtides were 

generated throughout the transect. In the case of Ventisquero Sound, the mean flow in the 

northern side of the pass showed a tendency of the flow to rotate anticlockwise with 

increasing depth. South of the pass, mean surface outflow and mean bottom inflow (at 20 

m) developed near the western side of the fjord. Within the pass, the sill represented a 

boundary between mean inflows and outflows.
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Topographic effects

The bank in Aysen Fjord showed salient effects in the across-channel distribution of 

subtidal flow by shifting the location of strongest near-surface inflow and strongest mid­

depth outflow to the channels, by masking the three layer vertical structure, by shifting 

the flow direction away from the bank, by inducing recirculation at its top, and by causing 

a bifurcation of the flow below the pycnocline. In Chacao Channel, the pinnacle in the 

center of the cross-section contributed to flow divergence, vorticity, and enhancement of 

the variations of the lateral flow (dv/dy) and lateral shears of the along-channel flow 

0du/dy), respectively. In Ventisquero Sound, the sill/contraction combination induced 

different patterns of the residual circulation on both sides of the pass, and there were also 

evidences of increasing of the magnitudes of the tidal flows toward the north, reaching a 

maximum over the sill, and then decreased northward owing to continuity conservation of 

volume. Consequently, the bottom topography and coastline geometry were key factors in 

modifying the circulation and in determining nonlinearities in the flow.

Transverse dynamics

In Aysen Fjord, the effects of the earth rotation were important to maintain the across- 

fjord momentum balance quasigeostrophic. The wind stress made vertical friction 

important, and the sidewall effects (from the coast and the bank) made horizontal friction 

and advection important. In Chacao Channel, the effects of the earth rotation were less 

important. The balance was dominated by the effect of the pinnacle, which induced strong 

lateral gradients of the flow (dv/dy) , making nonlinearities dominant in this system. 

Horizontal friction, a customarily neglected term in estuarine studies, was the dominant
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term. The balance was between advection and diffusion. In Ventisquero Sound, the 

effects of the earth rotation were comparable to vertical and horizontal friction, but the 

contraction of the coast and the sill made advective accelerations dominant in the 

momentum balance.

Tidal current amplitudes and the dynamics

The locations of the strongest tidal current amplitudes in the sections were compared 

with the dominant terms in the corresponding systems. In Ventisquero Sound, where 

advection was dominant in the momentum balance, the strongest tidal currents 

concentrated over the shoals. In Chacao Channel, the strongest tidal currents were 

observed in the channels, as friction was the dominant term. In Aysen Fjord, there were 

evidences that advective accelerations were important to the momentum balance, as the 

strongest tidal current amplitudes were located over the narrowest and shallowest region. 

It follows that only on the basis of the distribution of the tidal current amplitudes, a first 

diagnostic of the momentum balance in the system can be suggested. Advection would be 

the dominant term in systems where strongest tidal amplitudes are located over the 

shoals, and friction be dominant where strongest tidal amplitudes are located in the 

channels.

The across and along-fjord dimensions

As indicated in the corresponding sections, the magnitudes of the residual flows 

exhibited proportions of the across to the along-fjord dimension that could not be 

neglected. In Aysen, they were in a ratio of about 1:5, in Chacao about 1:2, and in 

Ventisquero about 1:1. Comparable magnitudes in Ventisquero could be attributed to the

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



133

dominance of advection. The distributions also showed consistence from one component 

to the other, as the highest values of the along-fjord distribution were located in the same 

regions of the highest across-fjord values.

In terms of the magnitudes of the terms in the momentum balance, the across-fjord to 

along-fjord ratio was in the range of 0.7 to 1 in Aysen Fjord, for the advective and 

frictional (vertical and horizontal) terms, but it was about 4 for the Coriolis term. In 

Chacao Channel, they were 0.5,0.08,0.25, and 0.1 for the advective, Coriolis, vertical 

friction and horizontal friction terms, respectively. In Ventisquero Sound, the ratio ranged 

between 0.7 and 1 for all the terms in the four transects. It follows that the differences 

between the terms in the two dimensions were notable just in Chacao Channel, a system 

strongly dominated by nonlinearities. For the other two systems they were comparable. 

Therefore, magnitudes of the mean flows and terms in the momentum balance were 

comparable in most of the cases, highlighting the importance of the across-fjord 

dimension.

Dynamic similarity

In spite of the differences in the momentum balance, across-variability of the subtidal 

flows, and topographic effects in every case indicated above, it was possible to establish 

some dynamic similarities among the systems. Evidences of similarity were found in 24 

combinations of nondimensional groups, from which three exhibited similarities in their 

means and variances of different dimensionless groups at the same time. They were 

Aysen - Ventisquero 3, Ventisquero 1 - Ventisquero 2, and Ventisquero 1 - Ventisquero 

4. There were also similarities between distant places, and differences between two
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sections that were close to each other. Similarities among the means confirmed in most 

cases the dominant terms in the momentum balance previously established. The results 

obtained suggest that if the cross-sections exhibited similarity in the six nondimensional 

numbers (as in the case of Ventisquero 3 and 4) they could be considered as dynamically 

similar. If that occurs, the competing forces are similar between the two systems. But as 

indicated in the introduction of Section 5, the geometric similarity is also desirable when 

comparing two natural systems. Further investigations are necessary to establish the most 

appropriate parameters based in the geometric characteristic of the cross-sections. A list 

of these parameters was presented in Table II, and a relationship between some of them 

with specific nondimensional numbers was discussed. Therefore, dynamic similarity in 

the six dimensionless numbers, along with geometric similarity based in some specific(s) 

parameter(s), or in a combination of them, would provide the basis to establish complete 

similarity between two natural systems. The three systems studied here were therefore 

dynamically different as also established by the estimates of the dynamic terms.
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