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ABSTRACT 
 
 
 
Climate change is expected to significantly affect the world’s fjords by increasing storm 

intensity and glacial lake outburst floods (GLOFs). GLOFs are characterized as a sudden 

release of glacial trapped waters into a fjord, yet how they modify fjord circulation and 

zooplankton migration patterns is not well understood. This study aims to investigate 

long-term physical and biological patterns in fjords and how they are modified by GLOFs 

by characterizing intra-annual variation in fjord hydrodynamics and biology. The study 

area is Martinez Channel in Chilean Patagonia located below the Northern Patagonia Ice 

Field. To accomplish this goal, circulation patterns and temporal and spatial variations of 

zooplankton will be analyzed in the presence of a GLOF and under normal conditions. 

The data collected include horizontal current velocities measured throughout the water 

column with a moored (~80 m depth), upward facing, acoustic doppler current profiler 

(ADCP) which sampled hourly in 1 m vertical bins. Salinity, temperature, wind, and river 

discharge data were also analyzed to complement the velocity measurements. Results 

showed that the baroclinic annular mode (BAM), a proxy for storminess in the Southern 

Hemisphere, significantly influenced the fjord every ~20-30 days. The BAM induced 

mixing which caused pycnocline depressions that interacted with the diel vertical 

migration of zooplankton. The strong winds associated with the BAM were also enough 

to retain floodwaters from the GLOF in early February. This study proves that external 

events such as the BAM and GLOFs affect fjord physics and biology and should be 

considered in future studies.  
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INTRODUCTION 
 
 
 

The inevitability of climate change has prompted interest in understanding how Earth’s 

systems respond to a warming atmosphere. One major consequence of climate change is 

the melting of glaciers and icefields, leading to sea level rise. In particular, oceans have 

risen 4 to 8 inches over the past century with an annual rise of 0.13 inches per year 

(Warne, 2017). Icefields and glaciers have recently experienced more rapid melting 

(Chen et al., 2010; Glick, 2017; Harrison et al., 2006, and references therein; Somos-

Valenzuela et al., 2016), accelerating sea level rise. In Chilean Patagonia, glaciers are 

reacting dynamically to climate change (Harrison et al., 2006). Specifically, in the 

Northern Patagonia Icefield, Steffen glacier has lost 12 km2, Glaciares Nef has lost 7.9 

km2, and nearby Colonia glacier has lost 9.1 km2 of surface area since 1979 (Rivera et al., 

2007). This extreme melting first affects local water bodies, which includes fjords, and 

subsequently the world’s oceans.  

 

Fjords are glacially carved channels located in high-latitude regions where glacial activity 

is (active glacier) or was (extinct glacier) prevalent (Valle-Levinson, 2010). Generally, 

fjords are long, narrow, and deep with a typical width-depth ratio of 10:1 (Dyer, 1997; 

Farmer and Freeland, 1983) and a sill (or moraine) is typically located at the mouth of the 

fjord where it connects to the open ocean (Dyer, 1997; Farmer and Freeland, 1983). 

Fjords are characterized by their strong salinity-driven stratification with a thin buoyant 

layer at the surface (~0 g/kg) derived from glacial melt, river discharge, precipitation, and 

coastal runoff (Farmer and Freeland, 1983; Inall and Gillibrand, 2010; Pantoja et al., 
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2011) overlying a salty dense layer below (~35 g/kg). Mixing between layers results from 

inflowing saltwater and outflowing freshwater generating shear between the two layers or 

from internal waves and tides (Inall and Gillibrand, 2010). The divide between saltwater 

and freshwater is referred to as the halocline and represents a sharp increase in salinity 

over a small portion of the total depth as illustrated in figure 1.1 (Farmer and Freeland, 

1983). A sharp increase in density with depth is called the pycnocline, and in fjords this 

density change is driven by vertical variations in salinity (halocline) more than 

temperature (thermocline).  

 

Ultimately, climate change will alter the above-mentioned water column properties and 

biology of fjord systems (Aiken, 2012; Marín et al., 2013). In particular, temperature, 

salinity, and circulation structure will be impacted by rising ocean and atmospheric 
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temperatures and glacial lake outburst floods (GLOFs) and, in turn, biology will be 

affected by these altered properties. As a result of increased temperatures and ice melt, 

the frequency and intensity of GLOFs has become elevated (Dussaillant, 2009; Harrison 

et al., 2005; Ross et al., 2015). GLOFs occur as a result of water trapped by a glacial dam 

suddenly being released due to the dam melting. In particular, water from the nearby 

glacially fed lake penetrates the ice dam when air temperatures rise, which causes a 

sudden release of meltwater at high flow rates (Dussaillant, 2009; Palmer, 2017). These 

floodwaters often travel through fjords and impact local properties and biology. This 

release has the potential to be devastating. For example, a 1941 GLOF in Peru killed 500 

people (Somos-Valenzuela, 2016).  

 

Glacial melting in Chilean Patagonia is significant in comparison with the rest of the 

world (Marín et al., 2013). An estimated 10% of sea-level rise over the past 50 years can 

be attributed to the Patagonian Icefield glaciers (Glasser et al., 2011). Therefore, 

significant freshwater inputs can be expected in Patagonian fjords which could affect 

fjord stratification. A primary driver of vertical mixing in fjords is internal waves and 

tides that are influenced by the barotropic tide. The barotropic tide represents a long wave 

that is forced by the gravitational pull from the moon and sun (Dushaw, 2003). 

Turbulence is induced when the ocean tide interacts with fjord bathymetry and 

subsequently mixes the interface between fresh and saltwater. Fjords have 

characteristically varying bathymetry due to the presence of multiple sills and 

constrictions, which provide desirable conditions for vertical mixing. Increased discharge 
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of freshwater into the fjord due to glacial melt could enhance stratification and inhibit 

mixing induced by the barotropic tide.  

 

The barotropic tide can also interact with river plumes. Ross et al., (2014) investigated 

the role of internal waves resulting from interactions between the barotropic tide and 

discharge from a river plume. This interaction occurs in estuaries when the Froude 

number, a nondimensional number defined as the ratio of the ambient flow velocity to the 

wave speed, is greater than 1, indicating supercritical flow. This flow condition prevents 

waves from propagating upstream and indicates that internal waves with horizontally 

propagating wave energy are likely generated by tidal interactions with a river plume 

(Ross et al., 2014). In particular, when horizontal velocities converge at the plume 

(during flood tide), it causes frontal growth and a downward displacement of surface 

waters. In other words, when the propagation speed at the river plume front is less than 

the tidal wave speed  (the water in front of the plume), this causes a depression of the 

pycnocline by forcing freshwater downwards and once the tide turns (ebb tide) internal 

waves are free to propagate out-fjord (as the Froude number drops below 1) (Nash and 

Moum, 2005). Ross et al., (2014) found correlation between pulses in river discharge 

with pulses of internal tides near the pycnocline in a Patagonian fjord. Her study 

indicated that river discharge pulses exceeding 1200 m3/s caused a vertical displacement 

of the pycnocline between ~10-20 m that contributed to vertical mixing of both physical 

and biochemical water properties (Ross et al., 2014). Deepening of the buoyant, fresh 

water layer at the surface of the fjord due to glacial melt and GLOFs will alter internal 
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wave/tide behavior and interfacial mixing in the fjord, which can then alter the 

circulation.  

Specifically, changes in precipitation and glacial melt associated with climate change are 

expected to impact the driving forces of circulation in Chilean Patagonian fjords (Aiken, 

2012; Fuenzalida et al., 2007). It is important to understand changes in circulation in 

order to make predictions for future fjord conditions under a different climate. Recent 

increases in GLOF events has also urged investigation into how these events affect fjord 

systems in terms of circulation and biology. Marín et al., (2013) found that the Baker 

River, one of the largest rivers in Chile in terms of discharge values, experienced a 600% 

increase in GLOF events between 2010 and 2012. This affects circulation patterns in 

Baker and Martinez Channels, since both fjords receive the discharge from the Baker 

River. As for the biological activity in the fjords, variations in precipitation and 

freshwater discharge affect primary and secondary production (Pantoja et al., 2011). 

Secondary production such as zooplankton rely on primary production as a main food 

source. Primary production includes phytoplankton which require freshwater and sunlight 

to live (Montecino et al., 2008). In particular, increased light attenuation attributed to 

elevated suspended sediments during a GLOF event can adversely impact phytoplankton 

and zooplankton production (Ross et al., 2015). 

  

Studies linking zooplankton to fjord circulation are limited, especially in Chilean 

Patagonia. However, studies indicate that stratification in fjords contributes to spatial 

distributions of zooplankton (Meerhoff et al., 2014). More specifically, phytoplankton 

(referred to as primary producers) dwell in the less saline surface waters and zooplankton 
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ascend from depth to feed on them. This vertical migration pattern is often regulated by 

light availability. Influxes of sediments and freshwater due to GLOFs can enhance light 

attenuation and alter the vertical migration pattern of the zooplankton as well as 

temporarily enhance gravitational circulation patterns in a fjord (Alldredge and King, 

1980; Valle-Levinson et al., 2014).  

 

How circulation patterns in Chilean Fjords vary on seasonal and annual temporal scales is 

not yet well understood. The hydrographic properties of fjords drive circulation patterns, 

which in turn impacts local biology. It is important to investigate intra-annual variations 

in order to assess how fjords will be altered by climate change.  The main goal of this 

study is to determine how the circulation of a glacial fjord in Chilean Patagonia varies 

throughout a year by addressing two research objectives. The first objective is to 

characterize how the hydrodynamics of the fjord vary intra-annually and in the presence 

of a GLOF. The second objective is to assess how the hydrodynamics of the fjord links to 

the biology by characterizing temporal variations of zooplankton distributions throughout 

the water column.  

 

The research objectives will be met using a unique, one-of-a-kind dataset from a Chilean 

Patagonian Fjord. In particular, it is the first to encompass data from the majority of the 

water column for a full year in this region. This has never before been accomplished due 

to the harsh weather conditions and rural location of most Chilean fjords that complicate 

data sampling. This study is unique in the use of river discharge data as well as wind, 

density, current velocity, echo anomaly (and volume backscatter as a proxy for 
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zooplankton distributions), to explain the water column properties, circulation and 

variations in zooplankton in the fjord for an entire year. These data were processed using 

various data analysis techniques such as echo anomaly, lowpass filtering, spectral 

analysis, and empirical orthogonal function (EOF) analysis.  

 

The remainder of this paper will include an explanation of the study area in Section 2 

followed by the methods used, including data collection and data analysis in Section 3. 

The results will be presented in Section 4 and discussed in Section 5. Study limitations 

will be addressed in Section 6 and conclusions will be presented in Section 7.  
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STUDY AREA 
 
 
 
Located in the Southern Hemisphere, Patagonian Chile represents 240,000 km2 of 

glacially carved land on the southwest coast of Chile (encompassing ~1000 km in a 

straight line) (Pantoja et al., 2011). Its geography is composed of mountainous coastline 

and complex fjord and channel systems that were glacially carved through the steep 

slopes of the Andes mountain range. The Northern and Southern Patagonia Ice Fields 

supply freshwater to the fjords through glacially fed rivers and lakes. These ice fields 

represent the largest two bodies of ice in the southern hemisphere (Ross et al., 2015). 

 

The study area is located towards the bottom of the Northern Patagonian Ice Field. 

Glacial runoff of Colonia Glacier, seen in figure 2.1, follows Colonia and Baker Rivers 

through the Baker-Pascua Estuary (BPE) system into the open ocean. The BPE is a 

complex fjord system comprised of Baker and Martinez channels, the latter of which is 

focused on in this study. Between 200 and 440 m deep, Martinez Channel is oriented 
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with the along-channel axis in the East-West direction and this system experiences 

primarily semi-diurnal tides (~1 m amplitude and period of 12.42 h) (Piret et al., 2017; 

Ross et al., 2014). The mouth of Martinez channel (3.5 km wide) connects to the open 

ocean ~100 km from the head of the system (Ross et al., 2015). Baker Channel also 

makes a connection with the open ocean ~100 km from the system’s head with its mouth 

(5 km wide) connecting further south than the mouth of Martinez Channel (Ross et al., 

2015). Typical wind influence in this area is shown in figure 2.2.  

 

Freshwater in Martinez Channel is primarily derived from the Baker River with average 

annual discharge exceeding 1100 m3 s-1 (Ross et al., 2015). The freshwater layer is about 

5-10 m deep with low temperatures (< 8 ˚C) and low salinity (< 30 g/kg; Ross et al., 

2014; Ross et al., 2015). Upstream, Colonia glacier forms an ice dam preventing water 

from Lake Cachet 2 (surface area of 4 km2) from flowing into the Baker River (Marín et 

al., 2013) (figure 2.3). Long-term thinning of this Colonia glacier has led to an increase in 

Glacial Lake Outburst Flood events (Casassa et al., 2010). During a GLOF, meltwater 
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bursts through Colonia Glacier via an englacial tunnel running 8 km in length (Casassa et 

al., 2010). From there, it flows through Colonia Lake and the confluence between 

Colonia and Baker Rivers into Baker and Martinez channels. The village of Tortel at the 

mouth of Baker River is particularly vulnerable to damage during a GLOF due to its 

location (figure 2.1). Primary transportation in Tortel consists of walkways constructed 

along the coast which are susceptible to destruction during flooding.  
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METHODS 
 
 
 

3.1 Data Collection 

The remote location of this study area provides limitations to the type and extent of data 

collection that can occur. This study recognizes that there might be limitations on 

conclusions that can be drawn, especially because there is no data representing meltwater 

runoff from the nearby Steffen Glacier. Nonetheless, the data provided in various 

locations in Martinez Channel and Baker River allowed for a variety of analyses to be 

performed.  

 

Hydrographic data including temperature, salinity, density, chlorophyll, and dissolved 

oxygen were collected in Martinez Channel using a SeaBird Electronics 19 plus 

Conductivity, Temperature, Depth (CTD) profiler. Vertical casts ~100 m deep were 

collected at the junction between Martinez Channel and Steffen Fjord (figure 2.1; 

46.82167°S 73.62167°W). CTD casts were taken in January, June, November, and 

December of 2014. These measurements display an overview of hydrographic properties 

of the fjord in the austral (southern hemisphere) seasons.  

 

Hourly river discharge data was provided by the Chilean Water Directorate from Colonia 

station referred to as DGA station in figure 2.1 (47.5009 °S, 72.9749 °W). These data 

provide an overview of the discharge values throughout 2014. According to Marín et al., 

(2013) and Ross et al., (2015), a discharge value above 2000 m3/s represents a GLOF. 

Wind data were recorded every three hours from a Chilean navy lighthouse in Penas Gulf 
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(figure 3.1; 46.82167°S, 73.62167°W). As these data were collected outside of the 

immediate study area, they are intended to give a representative portrayal of the wind 

regime in the area.  

 

Backscatter and current velocity data were collected using a 307.2 kHz Teledyne RDI 

workhorse Acoustic Doppler Current Profiler (ADCP) moored ~6.2 km to the west of the 

Baker River mouth (73.73 °W, 47.82 °S) and ~85 km downstream of DGA station. The 

ADCP was moored at the junction between Martinez Channel and Stefan Fjord (figure 

2.1). The ADCP was moored facing upwards at 86 m depth from January 28th-June 11th, 

at 82 m depth from June 11th-December 17th, and at 96 m depth from December 17th-

December 28th, encompassing nearly the full year of 2014. Measurements were collected 
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in 1 m vertical bins every hour with pings sent every 14.4 seconds and 250 pings per 

ensemble average.  

3.2 Data Analysis 

3.2.1 Buoyancy Frequency 

Buoyancy frequency (or Brunt–Väisälä frequency), denoted N2, represents the oscillating 

frequency of a vertically displaced particle within a statically stable environment and can 

be used as a proxy for stratification (Emery and Thompson, 2014). The highest buoyancy 

frequency values are shown at depths with the most pronounced changes of density (i.e. 

the pycnocline). The buoyancy frequency is calculated from density as:   

𝑁" = $%	
'0

('
()

         (3.2.1.1) 

where N2 is the buoyancy frequency, g represents gravitational acceleration, ρ0 represents 

a reference density in the water column and 𝜕𝜌
()

 represents the gradient of the water 

density, ρ, with respect to depth, z.  

 

In this study, buoyancy frequency was calculated for the summer and winter CTD casts 

using density recorded over depth. To perform the analysis, the density gradient of each 

cast is multiplied by the negative of gravity divided by the mean density. The buoyancy 

frequency was used to determine the depth of the pycnocline in the fjord for various 

seasons. 

3.2.2 Backscatter and Echo Anomaly  

Backscatter is a measure of sound scatter off of particles suspended in the water column. 

The ADCP uses the backscatter to measure the velocity in the water column from the 

Doppler shift. The backscatter can include elevated values close to the ADCP due to 
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feedback associated with particles in close proximity. The echo anomaly is calculated to 

normalize the backscatter and remove the feedback associated with particles near the 

ADCP (removed attenuation of the backscatter). This is done with the following formula: 

EA= 10log10(ECHO)-<10log10(ECHO)>       (3.2.2.1) 

where EA is echo anomaly, ECHO represents backscatter from the ADCP, and the angle 

brackets denote a time mean over the entire time series (January 28th-December 27th, 

2014; Ross et al., 2014; Valle-Levinson et al., 2004). Backscatter is measured by the 

ADCP sending out a sound ping that returns to the device after bouncing off a ‘scatterer’ 

in the water column. Therefore, the EA shows the intensity of scatterers throughout the 

water column such as zooplankton, suspended sediments, detritus, and density gradients. 

It can also be useful in exploring biological and sediment activity during a GLOF 

(Cabrer, 1987). The EA picks up on density interfaces (air/sea, water/bottom) and 

therefore can also be used as a proxy for pycnocline location, which can be verified by 

the buoyancy frequency values (Ross et al., 2014; Valle Levinson et al., 2004). In this 

study, EA was particularly relevant in exploring vertical patterns found throughout the 

water column and during various seasons in Martinez Channel, which are hypothesized to 

be the diel vertical migrations (DVM) of zooplankton. This involves zooplankton 

migrating up to the pycnocline and back to depth between sunset and sunrise. In order to 

separate out zooplankton from the scatterers found in the EA, the volume backscatter (Sv) 

was investigated. 

3.2.3 Volume Backscattering Strength  

Volume backscatter (Sv) is another analysis tool derived from backscatter. It can be used 

as a proxy for zooplankton concentrations in the water column by effectively removing 
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particles with diameter less than ~5 mm based on the 307.2 kHz ADCP used (Greene and 

Wiebe, 1990; Ross et al., 2015). This limiting diameter was found using equation 

(3.2.3.1) as shown in Valle Levinson et al., (2014) who studied a fjord using an ADCP 

with the same frequency used in this study: 

𝜆 = -
.
= 1500	//1

307000	2)
= 4.9	𝑚𝑚          (3.2.3.1) 

where c represents the speed of sound in water, f is the ADCP frequency in Hz, and 𝜆 is 

the size of detectable plankton (Postel et al., 2007).  The volume backscatter was 

calculated with the following equation:  

		𝑆𝑣 = 𝐶 + 10 ∗ 𝑙𝑜𝑔	[(𝑇@ + 273.16)𝑅2] 	− 𝐿FGH − 𝑃FGH + 2𝛾𝑅 + 𝐾L(𝐸 − 𝐸N)								(3.2.3.2) 

where C is -148.2 dB for the Workhorse Sentinel ADCP and represents a sonar-

configuration scaling factor. Tx is the temperature recorded at the ADCP in °C throughout 

the data collection period. LDBW is 10*log10(transmit-pulse length in meters) where the 

transmit-pulse length is 8.13 m. PDBW is 10*log10(transmit power in W) and was found to 

be 15.5 W based on the ADCP frequency. The absorption coefficient is represented by γ= 

0.001 dB m-1. Kc was given by the manufacturer as 0.45 and represents a beam-specific 

sensitivity coefficient. E is the recorded backscatter throughout the water column over 

time and Er is the minimum recorded backscatter (38 dB in this study). R is calculated 

through the following equation:  

𝑅 = 	
OPQRST PU(V$W)XYP(SZ)

-[1\
∗ -̅
-^

       (3.2.3.3) 

Where b is blanking distance (3.23 m) and L is the previously defined transmit pulse 

length (8.13 m). The depth cell length (1 m) is defined by d, n is an index of the depth 

cells, and the beam angle (20 °) is represented by ξ. Average sound speed from the 
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transducer to the depth cells (1453 m/s) is represented by 𝑐̅ and the speed of sound used 

by the instrument (1454 m/s) is represented by 𝑐`.  

To understand the dominant periodicity found in the current velocities, EA and Sv, a 

spectral analysis was adopted. 

3.2.4 Spectral Analysis 

Spectral analysis (also denoted as power spectra) is the square of the fast Fourier 

transform of the data. The Fourier transform decomposes finite sets of time varying data 

into dominant frequencies by breaking them into orthogonal components. Spectral 

analysis was applied to the echo anomaly to determine what frequencies (in cycles per 

day) harbored the highest energy. Spectral analysis displays the frequencies (in cpd) 

within a time series that contain the most energy. It can be used to determine the cycles 

(frequencies) with greatest influence on fjord variability. For example, high energy in the 

spectra of the echo anomaly is typically found at tidal and subtidal time scales and has 

been used to reveal diel vertical migrations (DVM) of zooplankton (Ross et al., 2015; 

Valle-Levinson et al., 2014). 

 

Parameters used in a spectral analysis involve window size and type of window used. 

This study used a Hanning Window (named after Austrian meteorologist Julius von 

Hann) which represents a Gaussian Curve spanning a defined window size that is defined 

by 2n where n is a number that yields a window size less than the sample size (n=11; 

window size of 2048; sample size of 8003 in this study). Figure 3.2.4.1 shows the 

window used in the spectral analysis performed in this study. The number of windows 

applied to the echo anomaly was based on the length of the time series.  
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A spectral analysis was calculated for each individual window and summed to produce a 

final spectra for the whole time series. This was done by sectioning the echo anomaly by 

window size and multiplying by the Hanning Window. The fast fourier transform (fft) of 

this product was then squared and multiplied by the square root of 8/3 to achieve the 

spectra of that window. Equation 3.2.4.1 shows this calculation where specW is the 

spectra of the desired window, w is the Hanning Window, EA is the echo anomaly from ll 

to lu which represent the beginning and end of the window respectively: 

𝑠𝑝𝑒𝑐𝑊 = e8/3 ∗ 𝑓𝑓𝑡(𝑤 ∗ 𝐸𝐴(𝑙𝑙: 𝑙𝑢)")   (3.2.4.1)  

 

To obtain the power spectra for the entire data set at each depth, the spectra were 

visualized with respect to the frequency vector and depth. Spectral analysis allows for the 

determination of dominant frequencies of variability in the fjord system. However, it does 

not describe dominant spatial patterns. To quantify the dominant modes of both spatial 

and temporal variability, Empirical Orthogonal Function (EOF) Analysis was utilized. 
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3.2.5 Empirical Orthogonal Function Analysis (EOF)  

Empirical Orthogonal Function Analysis decomposes a spatially and temporally varying 

data set into multiple orthogonal functions representing dominant modes of variability. 

The dominant mode, denoted M1, explains the majority of the variability, M2 the second 

most and so on until 100% of the variance is explained. For the application of EOF 

analysis conducted on the echo anomaly in this study, the spatial variability displays the 

modal range throughout the fjord depth.  

 

Echo anomaly varies spatially with depth over a given time series. For the purpose of this 

analysis, it will be represented as un(tm) where n represents the spatial interval from 

1<n<110 (since there are 110 ADCP depth bins) and m is the time interval in hours from 

1<m<M where M is the last measurement recorded from the ADCP (~8003 

measurements). In order to apply an EOF analysis to the echo anomaly, the spatial 

components that vary with depth must be expressed as the sum of n orthogonal spatial 

functions (Ross et al., 2014). These functions are denoted αi(zn)=αin and used to calculate 

un(tm) through the following equation: 

 

un(tm)= ∑ [𝛼n(𝑡/)	𝛼nVV
noW ]       (3.2.5.1) 

 

where αi(tm) represents the amplitude of the ith orthogonal mode at time tm (Emery and 

Thomson, 2004; Kaihatu et al., 1998; Ross et al., 2014). Temporal variation of spatial 

modes αin is shown by the time amplitude αi(tm).  In order to satisfy the orthogonality 

requirement for the spatial modes, a condition for independence needs to be established. 
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This condition (denoted below in equation (3.2.5.2)) ensures that the spatial modes or 

eigenvectors are independent from one another: 

 

∑ [V
VoW 𝛼nV𝛼pV	] = 𝛿np    (3.2.5.2)  

 

where 𝛿np is the commonly used Kronecker delta function and is equal to: 

     (3.2.5.3) 

EOF analysis also requires that time amplitudes be uncorrelated. This is accomplished by 

requiring: 

 

𝛼n(𝑡/)	𝛼p(𝑡/) = 𝛽n𝛿np   (3.2.5.4) 

          

Where 𝛽n=𝛼n(𝑡/)2 describes the variance in each orthogonal mode and the underbar 

denotes a time mean (Ross et al., 2014). The combination of equation (3.2.5.4) and 

(3.2.5.2) ensures orthogonality and possibility of analysis.  

 

Equation (3.2.5.5) is derived from taking the covariance matrix of the echo anomaly data 

and multiplying by the eigenvectors and summing over number of modes, l:  

∑ 𝑢VV
soW (𝑡/)𝑢s(𝑡/)𝛼ns = 𝛽n𝛼nV        (3.2.5.5) 
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This equation describes the ith mode at a given depth, n, or the spatial variability in each 

mode (Ross et al., 2014). Removing the time mean at each depth in the covariance matrix 

allows for the following simpler canonical form of the eigenvalue problem:  

 

(C-βI)A=0  (3.2.5.6)  

 

Where C is the covariance matrix (found as 𝐶Vs = 𝑢V(𝑡/)𝑢s(𝑡/) for 0≤l≤n), I is the 

identity matrix, and A is the eigenfunction matrix. In order for equation (3.2.5.6) to have 

a significant solution, the determinant of C-βI must equal zero. When this determinant is 

expanded, it yields a polynomial of the nth degree whose n eigenvalues follow in 

decreasing order from 1 to n (β1>β2>...>βn). This shows that the eigenvectors dominate 

the ordering of percent variance explained by a mode. The first mode representing spatial 

variation (β1) contains the highest variance and each eigenvalue decreases in accordance 

with the variance explained. EOF analysis is beneficial because it describes the dominant 

physical processes using both temporal and spatial scales.  

  



 21 

RESULTS 
 
 
 

4.1 River Discharge 

Glacial lake outburst floods (GLOFs) are occurring more frequently through Martinez 

Channel. Figure 4.1.1 shows river discharge data from 2003 with GLOFs indicated by the 

red and blue dots. Between 2003 and 2008, no GLOFs were observed. However, between 

2008 and 2014, 16 GLOF events occurred, the last of which happened during the study 

period. Figure 4.1.2 shows isolated river discharge data collected in 2014. A GLOF (with 

discharge greater than 2000 m3/s; Marín et al., 2013; Ross et al., 2015) occurred from 

February 1st to February 3rd of 2014 with a maximum flow of 4240 m3/s (figure 4.1.2). 

A second GLOF occurred from August 18th to August 20th of 2014 with a peak flow of 

3569 m3/s (figure 4.1.2).  

 

This study focuses on the effects of the first GLOF that occurred in February.  

After this event, river discharge experienced sharp increases (~305-790 m3/s) 

approximately four times (April 15th, May 10th, May 28th, and July 21st of 2014). 

However, data collected after day 236 (August 24th of 2014) was sparse. This could be 
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due to machine malfunction (such as loss of battery) or elevated conditions (i.e. extreme 

weather) affecting the discharge readings.  

 

 

4.2 Hydrographic Properties 

Profiles of salinity, temperature, chlorophyll and dissolved oxygen collected from the 

CTD in June of 2014 (austral winter) show the most pronounced features in the upper 

water column (< 20 m depth; figure 4.2.1). The density, shown as sigma-t or the density 

minus 1000 kg/m^3 (figure 4.2.1c), and buoyancy frequency (figure 4.2.1f) show a well-

defined, salinity driven pycnocline occurring at ~3-8 m depth. Surface temperatures 

measured around 5˚C and increased over the depth of the pycnocline (~8 m) to around 9 

˚C. Temperature reaches a maximum of 10.46 ˚C at ~44 m depth and gradually decreases 

to ~9.4 ˚C at 100 m depth (figure 4.2.1a). Salinity and density exhibit similar pattern to 

temperature in the top 50 m in that both measurements increase quickly over the depth of 

the pycnocline then begin a gradual increase. Surface salinity sharply decreases from ~14 

g/kg to ~2.5 g/kg over 2 m then increases to 26.78 g/kg at the pycnocline (figure 4.2.1b). 
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Density exhibits a similar pattern with a decrease from ~11 kg/m3 to ~2 kg/m3 in the top 

2 m then an increase to ~21 kg/m3 at the pycnocline (figure 4.2.1c).  

 

Chlorophyll shows elevated values (~0.2 CCI) near the surface, which decrease to zero 

below the pycnocline (figure 4.2.1d). Chlorophyll is a measurement of primary producers 

that can live in the freshwaters above the pycnocline. Meerhoff et al., (2014) found 

primary producers in Martinez Channel were typically located in the fresher, buoyant 

surface water above the pycnocline. Chlorophyll values were also highest where the 

water column was most oxygenated. In particular, surface dissolved oxygen levels ranged 

from 6.1 mL/L to 8.6 mL/L with an average value of 7.5 mL/L (figure 4.2.1e). Values 

decrease to ~5-5.3 mL/L around 10 m then gradually decrease throughout the water 

column to ~4.1 mL/L at 80 m.  

 

 

Similar to the water property profiles collected during the austral winter months, profiles 

from austral summer (November, December, and January) also exhibit strong salinity 
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driven stratification in the upper water column (< 20 m depth; figure 4.2.2). In particular, 

the surface layer (0 to ~8 m depth) contains freshwater (0 g/kg salinity) with a sharp 

increase to ~28 g/kg thereafter, where it remains constant in the remainder of the water 

column (figure 4.2.2b). Elevated surface temperatures of ~10-11 ˚C were found in the top 

10 m of the water column (figure 4.2.2a), as expected during the austral summer months. 

December temperatures achieve a minimum of 7 ˚C at ~10 m then warm until they reach 

8.5 ˚C at 16 m depth. November temperatures decrease sharply to a minimum of ~8.3 ˚C 

at ~13 m depth then increase to 8 ˚C around 16 m depth similar to December’s pattern. 

To the contrary, January temperature decreases to ~9.5 ˚C at 8.5 m depth then increases 

to return to its surface temperature of ~11 ˚C. Below this it continues reducing until 8.5 

˚C at 16 m depth. Overall, the temperature profiles indicate a three-layer structure, with 

warmer waters at the surface and at depth and a cooler layer just below the pycnocline, 

which can lead to double diffusive mixing in this fjord system (Perez-Santos et al., 2014). 

Density does not follow the three-layer structure present in the temperature but rather the 

sharp increase at the pycnocline (~8 m) then the gradual increase similar to that of the 

salinity profile (figure 4.2.2b and figure 4.2.2c). Elevated values of buoyancy frequency 

occur at ~8 m depth with an average value of 0.003 s-2 (figure 4.2.2f). This supports the 

pycnocline location at 8 m depth and the approximated location is illustrated by the 

orange line drawn in figure 4.2.2.  

 

Chlorophyll data is more active during summer than in winter but follows the same 

pattern of decreasing to zero just below the pycnocline (~8 m) (figure 4.2.2d). 

Measurements taken in November and December show surface values of 0.1 CCI where 
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January exhibits surface chlorophyll levels of 0.2 CCI (figure 4.2.2.d). This aligns with 

results from austral winter showing primary producers in freshwater and not in the deeper 

saline layer.  

  

Surface dissolved oxygen levels for November and December were recorded as 8 mL/L 

and 6.5 mL/L, respectively. These values were relatively constant from the surface to the 

pycnocline and experienced a sharp decrease of about 1.5 mL/L in the 3 m below the 

pycnocline (figure 4.2.2e). Values then decrease gradually to 4.44 mL/L and 3.48 mL/L 

in November and December, respectively. Dissolved oxygen in January shows a steep 

increase from 9.4 mL/L to 12.8 mL/L in the first 6 m of the water column then a steep 

decrease to ~9.4 mL/L over the next 4 m. It then gradually decreases similar to the other 

summer months where it is 6.4 mL/L at 80 m depth.  

Dissolved oxygen concentrations can be affected by wind influencing interactions 

between air and surface waters. Some studies have shown that wind can also induce 

mixing (Ross et al., 2015). Wind influence is an important parameter in understanding 

fjord physics and thus was considered in this study.  
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4.3 Wind Data 

A lowpass filter of the wind removing trends less than 5 days begins in the south-

eastward direction for the first 40 days of 2014 (January 1st to February 9th). From 

approximately day 40 to day 90 (February 9th to March 31st), the direction is north-east. 

On approximately day 100 (April 10th), the wind remains primarily eastward for the 

remainder of 2014 but fluctuates between north and south with a strong southern pulse 

(~4 m/s) at day 150 (May 30th). Around day 270 (September 27th), the wind becomes 

north-eastward.     
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4.4 Current Velocity 

Velocity data was sparse for the first 40 m of the water column. This is likely due to an 

insufficient amount of particle activity (or scatterers) used by the ADCP to derive 

velocity data from backscatter. Subsequent data analysis required complete data so gaps 

were filled with the average velocity at their corresponding depth. The raw along-channel 

velocity and the ‘filled’ along-channel velocity with respect to time (x-axis) and depth (y-

axis) are shown in figure 4.4.1a and figure 4.4.1b, respectively. Harmonic analysis 

prediction and interpolation were both considered in filling the data. However, these 

methods produced values that did not appear consistent with the surrounding velocity 

values, indicating a false representation of velocity patterns. It was noted throughout the 

analysis process that filling missing data with average values might still cause a 

misrepresentation of results although it was the better option of the three explored 

methods. The same method was used for the across-channel velocity (not shown). 
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Elevated surface velocities between ~60 and 70 cm/s occur every ~20-30 days in a north-

eastern direction as seen in figure 4.4.2. These findings are consistent with the baroclinic 

annular mode (BAM) producing a subtropical cyclone every ~20-30 days, as studied in 

Ross et al., (2015). This is further elaborated upon in Section 5.   

 

Velocities during the GLOF (day 32 to 34; February 1st to February 3rd) don’t exhibit 

marked variation compared to the rest of the year. However, figure 4.4.3 shows 



 29 

significant eastward surface flow during the GLOF, which represents flow into the 

channel. Surface velocities are strongest in the North-East direction for the first third of 

the GLOF and South-East direction for the remainder of the GLOF.  

 

Next, the echo anomaly was evaluated to explore pycnocline vertical motions and 

biological activity throughout the water column over time. The goal is to determine how 

modulations of the pycnocline relate to current velocities and water column properties of 

the fjord, and how biology (zooplankton) responds to the fjord physics.  

4.5 Echo Anomaly 

Echo anomaly results show elevated signal (>1.5 dB) in the upper ~50 m of the water 

column from day 28 (January 28th) to day 47 (February 16th) as seen in figure 4.5.1. The 

GLOF occurs during this time period from day 32 to 34 (February 1st to February 3rd) and 

features elevated activity in the water column. Echo anomaly in the top 2 m shows a low 

signal (~ -4.3 dB) occurring simultaneously to the elevated signal that appears in the first 

~50 m of the water column. The low echo anomaly signal in the first 2 m during this time 

might be due to the ADCP not being able to penetrate through the thick layer of scatterers 
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(suspended sediments from the glacial water, often called glacial flour) that accumulates 

near the pycnocline due to the GLOF (Marin et al., 2013). 

  

In addition to the elevated echo anomaly signal that is seen during the GLOF, elevated 

values also appear near the pycnocline depth (~8-10 m) every ~20-30 days (figure 4.5.1). 

The strongest signal (~2.7 dB) is at ~3.5 m depth around day 108. This pattern was found 

in Ross et al., (2015) to be depressions of the pycnocline due to a weather phenomenon in 

the southern hemisphere known as the baroclinic annular mode (BAM). The BAM can be 

described as a proxy for the ‘storminess’ of the southern hemisphere, with low pressure 

systems impacting the region every ~20-30 days. It is characterized by eddy fluxes of 

heat shedding off of the equator (Marshall et al., 2017; Thompson and Barnes, 2014). 

These eddy fluxes manifest as storms with high wind and precipitation moving from west 

to east in the southern hemisphere. However, the data set used in Ross et al., (2015) only 

encompassed three months of the year (austral summer and fall) whereas this study 

encompasses a full year. The full year of data used in this study suggests that the BAM 

produces a deepening of the mixed layer (pycnocline) throughout 2014 as was seen for 

the three months of data in 2010 evaluated in Ross et al., (2015). This will be considered 

further in Section 5.  
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 A distinct vertical pattern appears in the echo anomaly during austral autumn on day 90 

(March 31st) that persists through day 320 (November 16th of 2014) (figure 4.5.2a-d). 

This pattern occurs at a diurnal periodicity (~24 h) and therefore is not driven by the 

semidiurnal tide (period of 12.42 h) and is therefore indicative of diel vertical migration 

(DVM) of zooplankton. The dominant frequencies found in the echo anomaly and the 

presence of zooplankton in the fjord will be investigated further in the discussion 

(Section 5). The vertical pattern is most prevalent between ~20-40 m depth during the 

winter season (day 195 to 200; July 14th to July 19th ; figure 4.5.2b) and persists 

throughout winter to the spring. In spring, the pattern attenuates but a strong signal 

remains between 40 and 70 m depth. The pattern appears to end around day 320 

(November 16th; austral spring; figure 4.5.2c) for the remaining 33 days of 2014, 

indicating that DVM pattern is not present.   

In order to determine the dominant modes of variability in the fjord throughout the year 

of 2014, an empirical orthogonal function (EOF) analysis will be carried out on the echo 

anomaly data. This analysis will shed light on the spatial and temporal variability of the 
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echo anomaly and determine how much of the variance in the system is explained by the 

diurnal pulses that are thought to be due to DVM of zooplankton.  
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4.6 EOF Results 

To further investigate activity in the water column, an empirical orthogonal function 

(EOF) analysis was conducted. The results explain the dominant spatial (depth varying) 

and temporal (time varying) behavior in a data set by breaking it up into orthogonal 

modes that explain variance within the fjord. The variance can be simply described as 

deviations from the mean. The dominant spatially varying mode (EOF eigenfunction) in 

the echo anomaly (figure 4.5.1) displays a unidirectional signal for Mode 1 (M1 explains 

56.2% of the variance), a two-layered signal for M2 (explaining 14.9% of the variance), 

and a three-layered signal for M3 (explains 10.4% of the variance) (figure 4.6.1). The 

total variance explained by Modes 1 to 3 is 81.5%. The amplitude of M1 is negative 

throughout the majority of the water column. A minimum amplitude of -0.13 dB is 

reached at ~40 m. This negative signal indicates that M1 includes deviations of the echo 

anomaly signal that are below the mean. This could be due to the DVM of zooplankton 

being absent during the daytime, which produces ‘lower’ values of the echo anomaly. M2 

displays a maximum of 0.14 at 7 m. It remains positive until ~40 m depth where it then 

becomes negative. The positive values indicate that M2 displays above average signal in 

the upper portion of the water column (< 40 m depth) and below average signal at depth 

(figure 4.6.1). As the pycnocline is located in the upper water column, M2 is a product of 

pycnocline motions (at the tidal and BAM periodicity) dominating the upper water 

column.   

 

The three-layered signal associated with M3 depicts a negative signal near the surface 

(from ~0 to 18 m depth) followed by a positive signal (between ~18 and 50 m depth) and 
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a negative signal at depth (figure 4.6.1). The three-layer structure of the third mode 

indicates that the signal is above average mid water column and is below average near the 

surface and near the bottom. The spatially varying structure of Mode 3 could be 

indicative of primary zooplankton congregation depths during different austral seasons. 

In order to determine the dominant frequencies present in the temporal variability of the 

first three EOF Modes, a spectral analysis will now be done on the temporally varying 

(principal components or eigenvalues) of each EOF mode of the echo anomaly.  

 

4.7 Spectra Results 

A spectral analysis was applied to the principal components of each orthogonal mode of 

the echo anomaly (figure 4.7.1). Mode 1 exhibits highest energy at low frequencies and at 

1 cpd. A 95% confidence interval (red line in figure 4.7.1) was used to determine if the 

periodicity can be considered significant, where a peak in the spectra larger than the red 

line indicates statistical significance. Mode 2 shows a similar pulse at 1 cpd but contains 

less energy than Mode 1 at 1 cpd. It is around 89 dB2/cpd2 whereas Mode 1 is 161 
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dB2/cpd2. Mode 3 does not show significant energy at frequencies greater than 0.01cpd 

(~96 days), indicating that it likely explains seasonal variability in water column 

scatterers, or zooplankton. 

 

In order to compare the dominant frequencies found in the spectra of the echo anomaly 

EOF modes to the those found in the echo anomaly itself, a spectral analysis was applied 

to each depth of the echo anomaly (figure 4.7.2). For the spectra on the echo anomaly, 

high energy was found at low frequencies (<0.5 cpd) throughout the water column, and 

especially in the upper 10 m of the water column (figure 4.7.2). This is likely attributed to 

synoptic variability (wind patterns) forced by the BAM, GLOF events increasing 

suspended sediments in the fjord or seasonal variations in biological abundance 

(zooplankton) in the fjord. In addition, high energy (~1.4 dB2/cpd2) is observed at 1 cpd 

between 8 and 75 m depth. Also, as expected due to the semi-diurnal tide being dominant 

in this fjord, there is elevated energy at 2 cpd between 3.5 and 60 m depth. However, 

these results show that there is greater energy occurring at 1 cpd mid water column, 

indicating that the semi-diurnal tide does not bear the greatest effect on the variance of 
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the fjord, and rather, diurnal variations dominate. The diurnal signal is attributed to 

zooplankton DVM patterns. However, the echo anomaly can feature elevated signals for 

scatterers in the water column that are not of biological origin. To filter out the signal due 

solely to zooplankton, the volume backscatter, Sv, will now be considered.   

 

4.8 Volume Backscattering Strength (Sv) 

Since the diel vertical migration of zooplankton occurs once per day, the volume 

backscatter (Sv) was used to investigate DVM patterns found in Martinez Channel, as the 

EOF and spectral analyses indicated that the dominant mode of echo anomaly variability 

could be due to this pattern. Similar to the echo anomaly (figure 4.5.1) an elevated Sv 

signal (~> -17 dB re 1 m-1) is apparent at the pycnocline (figure 4.8.1), with the most 

pronounced signal from day 106 to 112 (April 16th-22nd; austral Autumn). This is 

because although particles with smaller diameters are removed, the Sv signal still 

registers the density interface because it represents a plane of different density (large 

particles >5 mm in diameter) instead of individual particles.  
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In addition to the elevated Sv signal at the pycnocline, vertical patterns are also prominent 

throughout the time series due to diel vertical migration of zooplankton. The pattern 

begins at approximately day 90, similar to that of the echo anomaly and ends on 

approximately day 320 (figure 4.5.2; figure 4.8.2). During the GLOF, there is an elevated 

signal (~> -17 dB re 1 m-1) between days 28 and 50 from 5-10 m depth with a less 

intense, yet still elevated, signal between 10-50 m depth (~> -22 dB re 1 m-1) becoming 

negligible below 30 m depth (figure 4.8.2). This could be due to an increase in biological 

activity or larger sediment ‘flocs’ (aggregations of sediment) brought in with the GLOF 

floodwaters settling in the water column. This is addressed in greater detail in Section 5.  

Next, a representative week from each austral season will be analyzed to investigate 

seasonal variation in volume backscatter (figure 4.8.2).  
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4.9 Seasonal Patterns in Volume Backscatter (Sv) 

To investigate seasonal variation in Sv, one week from each austral season was chosen 

qualitatively based on when the most prominent vertical pattern appeared.  

 

 

For figure 4.9.1- figure 4.9.4, each day is represented by a subplot with the red line 

indicating the time of sunset. The week of February 23rd to March 1st (austral summer) 

showed consistently elevated Sv signal near the surface (> -4 m; ~ 20 dB re 1 m-1; figure 

4.9.1). February 23rd showed an elevated signal (-19.5 dB re 1 m-1) around -3.5 m. 

Below this, a slightly elevated signal (~ -28 dB re 1 m-1) was seen in a pattern descending 

the water column with time, stopping after sunset on February 24th. This is attributed to 

zooplankton congregating at the pycnocline and subsequently descending before sunrise. 

The night of February 24th showed the highest Sv signal for the week near the surface (~ 

-17 dB re 1 m-1), which remained coherent up to ~25 m depth. After sunset on February 

25th, a similar pattern as the previous night emerged with a high signal (~ -18 dB re1 m-1) 
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at 3.5 m continuing until ~23 m depth. The night of February 26th showed a less 

pronounced signal with a similar pattern extending ~20 m depth. Overall, average activity 

between the pycnocline and ~78 m during the daylight hours was slightly less than 

between sunset and sunrise for this week (-31.54 compared to -31.19 dB re 1 m-1), 

alluding to faint, but present, DVM patterns.  

 

The week of May 11th, 2014 (austral autumn) showed a more distinct pattern of elevated 

signals occurring after sunset (figure 4.9.2). Between 30-70 m depth, signals > -28 dB re 

1 m-1 appeared after sunset and ended before sunrise for each day, with the most 

prominent signal occurring the night of May 12th (~ -20 dB re 1 m-1). There was also an 

elevated signal (~ -12 dB re 1 m-1) near the pycnocline (>-5 m) during this day which 

continued roughly through the early morning of May 15th where it subsided until another 

pulse (~ -19 dB re 1 m-1) after sunset. May 17th showed elevated Sv above the pycnocline 

(~ -14 dB re 1 m-1) during the day and continuing through the night. Overall, there was a 

greater average feedback during the night (-29.14 dB re 1 m-1) than during the day           
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(-31.98 dB re 1 m-1). This reinforces the hypothesis of DVM occurring in Martinez 

Channel and implies that these patterns are more pronounced during austral autumn and 

winter months than austral spring and summer. This is consistent with Valle-Levinson et 

al., (2014) that found a more distinct DVM pattern in winter than in spring.  

 

Among each of the arbitrary weeks chosen to investigate a DVM pattern, the week of 

July 13th (austral winter) showed the most distinct DVM pattern (figure 4.9.3). An 

elevated signal (> -28 dB re 1 m-1) was most prevalent during the nights of July 14th, 

15th, 17th, 18th, and 19th. There was limited activity near the pycnocline during this 

week, but signals remained strong near the surface (~ -16 dB re 1 m-1 in the top 2 m of the 

water column). The zooplankton were more active during the night, with an average 

volume backscatter feedback of -32.13 dB re 1 m-1 compared to -35.94 dB re 1 m-1 

feedback during the weekdays. The patterns show the zooplankton migrating up to the 

surface at dusk, descending down to ~20-60 m during the night, and then migrating up to 

the surface at dawn before descending to deep depths (<80 m) during the day. This is 
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consistent with twilight vertical migrations of zooplankton found in Reloncavi Fjord, 

Chilean Patagonia (Valle-Levinson et al., 2014). This will be further investigated in the 

discussion (Section 5). 

 

The week of October 12th (austral spring) was investigated as it occurs during a period of 

hypothesized pycnocline depression resulting from the BAM. This is evident from the 

attenuating signal around the pycnocline after October 12th that also extends deeper into 

the water column (~12-15 m). It is important to investigate the behavior of zooplankton 

during this recurring trend within Martinez Channel to better understand how fjord 

biology reacts to an observed pattern. During this week, there was a consistent signal      

>-28 dB re 1 m-1 above ~13 m, indicative of pycnocline depression (figure 4.9.4). 

Elevated signal indicating DVM pattern was present but remained between ~ -28 and -25 

dB re 1 m-1 during night hours and at depths below 30 m. It was especially prevalent 

during the nights of October 12th, 14th, 16th, 17th, and 18th between ~30-70 m depth. 

This indicates that zooplankton migration can still occur during periods of pycnocline 
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depression, however the zooplankton do not migrate the full depth of the water column. 

This could be due to the mixture of fresh and salt water at the pycnocline interface 

creating unfavorable conditions for the zooplankton, or the storm-induced turbulent 

motion near the surface inhibiting their migration.  

 

Now, the discussion will investigate the role of wind forcing on pycnocline depressions 

in Martinez Channel and subsequent impacts on biology. The discussion will also 

investigate how the GLOF changed existing conditions within the fjord regarding physics 

and biology.   
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DISCUSSION 
 
 
 

The overarching goal of this study is to determine how the physical and biological 

properties of a glacial fjord vary throughout a year. To accomplish this goal, the 

following two research questions were established: 1) How do the hydrodynamics and 

water column properties of the fjord vary intra-annually and in the presence of a GLOF? 

And 2) How do these intra-annual variations link to the biology of the fjord? In order to 

elaborate on these goals, the following section connects the physical patterns found in 

this study to the biological patterns and elaborates on how each of these are affected by a 

glacial lake outburst flood. Particularly, the influence of the BAM on fjord circulation 

and DVM is discussed as well as how the GLOF interacts with fjord biology and the 

wind-forcing from the BAM.  

5.1 Fjord Physics 

Subtidal or residual circulation within a fjord is typically density driven (gravitational 

circulation; Farmer and Freeland 1983). This long-term circulation is forced by density 

differences in the freshwater surface layer and underlying saltwater layer. The freshwater 

layer, derived mostly from river water, typically flows out-fjord at high velocities over 

the top of a sluggishly inflowing saltwater layer, incorporating some saltwater into its 

flow. The underlying saltwater layer also pulls some freshwater with it as it flows in-

fjord. This induces mixing at the density interface (pycnocline; figure 5.1.1).  
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A vertical profile of gravitational circulation would show net outflow above the 

pycnocline with inflow through the rest of the water column (figure 5.1.2). In Martinez 

Channel, average along-channel velocities were used to depict the subtidal flow pattern 

throughout the measurement period. 
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Instead of displaying a flow profile indicative of gravitational circulation, Martinez 

Channel exhibited flow directed eastward (in-fjord) above ~35 m depth with an 

underlying outward flow (figure 5.1.3). This result is surprising, especially in light of the 

westward river flow from Baker River. This suggests that density differences might not 

be the primary driver of circulation in Martinez Channel throughout the year. Valle-

Levinson et al. (2014) suggested that wind forcing, density gradients external to the fjord, 

and tidal forcing can influence fjord circulation. Since wind data was available for 2014, 

it was investigated as one of the potential influences on the subtidal flow in Martinez 

Channel.  

 

 

Wind has been recorded as having the ability to induce currents, even if the induced 

current is opposite of typical flow (Winant, 2004; Wong, 1994; Valle-Levinson and 

Blanco, 2004; Patzert 1974). This implies that although water from Baker River is 

flowing out-fjord (westward) in Martinez Channel, eastward wind has the ability to 

induce an eastward current and thereby overpower (or redirect) the outflowing river 
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water. This interaction causes fresh surface water to be pushed to the head of the fjord, 

inducing a sloped surface. Ross et al., (2015) also found this pattern occurring in 

Martinez Channel with the ~6 months of available data from 2010. Based on Ross et al., 

(2015) and the flow profile shown in this study, it is likely that wind-driven circulation 

was present in 2014. To reinforce this finding, wind direction was investigated to 

determine if it was primarily directed in-fjord.  

 

 

A wind rose reveals the dominant wind speeds and directions throughout 2014 (figure 

5.1.4). These data show predominantly eastward winds with the yearly average wind 

directed east-northeastward (figure 5.1.4, black arrow). The primarily eastward wind 

could be reason for the net in-fjord surface flow shown in the time average along-channel 

velocity profile (figure 5.1.3), indicating that wind-driven circulation was influential in 

Martinez Channel in 2014.  
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In addition to driving circulation, Ross et al., (2015) also found that strong winds likely 

associated with the baroclinic annular mode (BAM) induced a deepening of the mixed 

layer in the fjord, which manifested as pycnocline depressions. The BAM is an 

atmospheric phenomenon similar to the North Atlantic Oscillation (NAO) and El Nino, 

yet occurs only in the southern hemisphere and has a periodicity of ~20-30 days 

(Thompson and Barnes, 2014). The BAM is characterized by eddy fluxes of heat that 

shed from the equator and move toward the southern pole (Thompson and Barnes, 2014), 

where these movements are driven by changes in temperature over increasing latitude. 

The propagation of the eddies, which manifest as low-pressure systems, or storms, gain 

strength by absorbing heat energy from the ocean or available body of water which 

increases moisture in the air and consequently precipitation (Ocean Today, 2011). The 

BAM manifests in Patagonia as a storm front with strong winds, warm air, and high 

precipitation propagating from west to east. The southern tip of South America is the 

only prominent land mass that protrudes into the Southern Ocean, implying that storm 

systems that propagate over Chilean Patagonia can produce strong onshore winds (>10 

m/s). Onshore winds blowing into Martinez Channel tend to be particularly intense as the 

high-rising mountains bordering the channel directly funnel the winds from the storms 

from west to east, which allows them to gain strength from the surface water in the fjord 

(Ocean Today, 2011). 

 

The echo anomaly shows that elevated winds associated with the BAM appeared to 

induce pycnocline depressions every ~20-30 days in Martinez Channel in accordance 

with what was found in Ross et al., (2015) (figure 5.1.5). Trends in the vertical location 



 49 

of the pycnocline were compared to pulses in the lowpassed east-west current and wind 

velocities (showing trends occurring with a periodicity longer than five days) to 

investigate wind-induced flow and enhanced mixing at the pycnocline. Only along-fjord 

(east-west) winds were considered as the wind was predominantly eastward throughout 

2014 (figure 5.1.4).  

 

The east-west velocities and echo anomaly showed simultaneous pulses in signal near the 

surface every ~20-30 days along with elevated eastern wind (figure 5.1.5). More 

specifically, an elevation in eastward surface velocities (> 5 cm/s) was seen at the same 

time as an elevated echo anomaly signal (> 0.5 dB) and occurred with an average 

periodicity of 24.5 days, which is within the range of the ~20-30 day periodicity of the 

BAM. The mechanics of wind-induced circulation resulting from the BAM support the 

idea of periodic pycnocline depression.  
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As previously mentioned, pycnocline depressions would appear as elevated signal(s) in 

the echo anomaly (Ross et al., 2015). To quantitatively identify whether these 

depressions occurred with the same periodicity as the BAM, a spectral analysis was done 

for the top 20 m of the water column. Figure 5.1.6 shows high energy (~ 1.45 dB2/cpd2) 

in the pycnocline region (~3-8 m) around 0.03-0.05 cycles per day (cpd; representing 

W	-t-su
vw	Xxt1

 and W	-t-su
"w	Xxt1

 respectively). This reaffirms that the storminess generated by the 

BAM influences variance in the fjord. The high energy (>1.5 dB2/cpd2) between 3 and 10 

m depth from 0 cpd to ~0.03 cpd is likely indicative of seasonal variations ( W	-t-su
yz	Xxt1

 = 0.01 

cpd). Figure 5.1.6 also shows a slight pulse of energy (1.4 dB2/cpd2) around 4 m depth 

that occurs at 0.07 cpd. This is likely variation due to the spring and neap tide cycles 

( W	-t-su
W{	Xxt1

 =0.07 cpd).  

 

Now that it has been shown that the BAM causes pycnocline depressions in the fjord, a 

theoretical quantification of the dissipation of Turbulent Kinetic Energy (TKE), denoted 
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ε, will be examined to explore the effect of wind on mixing in the surface layers of the 

fjord.  

5.1.1 Investigation of Wind and Wave-Induced Mixing  

To investigate whether wind or wave-driven mixing played a role in Martinez Channel, 

theoretical calculations of turbulence (TKE dissipation) based off measured wind values 

were performed following the method adapted from Csanady (1978). Wind stress on the 

surface was calculated using equation (5.1.1.1):  

𝜏 = 𝜌𝑎𝑖𝑟 ∗ 𝑐𝑑 ∗ 𝑢10
2      (5.1.1.1) 

where 𝜌xnN  is the density of air (0.0012 kg/m3), cd is the drag coefficient, and u10 is the 

wind speed at 10 m from the water surface. The boundary layer velocity (u*) was then 

calculated by dividing 𝜏 by the density of water at the surface (1002 kg/m3 taken from the 

CTD at 2 m depth). Turbulent kinetic energy (TKE; 𝜀) was found using the following 

equation (5.1.1.2) and gives an idea of turbulence in the water column:  

 

𝜀 = 𝑢∗3

𝑘∗𝑧                    (5.1.1.2) 

where u* is the boundary layer velocity, k is the Von-Karman Constant (0.41), and z is 

depth in m.  

 

In addition to wind-driven mixing, fjords can experience mixing induced by waves 

(Bourgault and Kelley 2003). Therefore, the depth of influence of the surface waves 

generated by the wind was also calculated and explains how deep in the water column the 

surface waves can penetrate. It is calculated through a series of equations starting with 

(5.1.1.3) which calculates the boundary wind velocity, u*wind: 
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𝑢∗�nVX = √𝑐𝑑 ∗ 𝑠𝑝    (5.1.1.3) 
where cd is drag coefficient (as defined above) and sp is wind speed throughout the year. 

This value was then used in equation (5.1.1.4) to calculate the influence of the fetch on 

wind mixing,  𝑥�: 

𝑥� = %∗@
�∗���S2     (5.1.1.4) 

where g is the acceleration due to gravity, x is the length of the surface affected by the 

wind (wind fetch; 15000 m), and u*wind is the boundary layer velocity at the surface. 

Then, the period of the surface waves generated by the wind 𝑇𝑝�  was calculated using 

equation (5.1.1.5) and plugged into equation (5.1.1.6) to find the last required input for 

the calculation of the depth of influence:  

 

𝑇𝑝� = 0.751 ∗ 𝑥�1/3    (5.1.1.5) 

𝐿 =
%∗(���∗

�∗���S
� )2

2∗�
    (5.1.1.6) 

 

where L represents the wind induced wavelength and all other variables are defined as 

before. Finally, the depth of influence is calculated as half of the length of waves 

(assuming deep water waves; Dean and Dalrymple, 1991) and represents the depth that 

waves generated by the wind can reach and changes throughout the time series.  
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Previous studies have found that wind forcing can induce turbulence in fjords (Farmer 

and Freeland, 1983). Therefore, dissipation of TKE due to wind was plotted alongside 

wind magnitude and echo anomaly to qualitatively investigate if periods of pycnocline 

depression were due to wind induced mixing in the surface layer of the fjord. Figure 

5.1.1.1 shows that turbulence is elevated at the BAM periodicity, which occurs 

concurrently with vertical depressions of the pycnocline. In addition to quantifying the 

TKE dissipation due to wind, the depth of influence of the waves generated by the wind 

was also quantified (figure 5.1.1.1b). The depth of influence of the waves indicates how 

deep in the water column the wind-driven waves penetrate the water column. It was 

found that during periods of sustained strong winds (day 150; >10 m/s; figure 5.1.1.1a), 

the depth of influenced reached ~15 m (figure 5.1.1.1b), which depressed the pycnocline 

(deepened the mixed layer; figure 5.1.1.1c). Overall, values of TKE dissipation quantified 

for this study (between 10-15 and 10-8 W/kg; figure 5.1.1.1c) were lower than the typical 

value of 3x10-7 W/kg found in the mixing layer (Perez-Santos, personal communication, 
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2018) and those found in Perez-Santos et al., (2014) which also studied Martinez Channel 

(10-10 to 10-4 W/kg; figure 5.1.1.2). However, the turbulence values reported in Perez-

Santos et al., (2014) were in-situ measurements from the fjord as opposed to a theoretical 

calculation only including wind, and therefore represent TKE dissipation derived from all 

mechanisms (i.e. velocity shears, lateral flows, water column instabilities, etc.). This 

implies that wind, both from wind-driven flow and from wind-driven waves, contributes 

to turbulence in Martinez Channel, particularly during periods of increased winds or 

‘storminess’ due to the BAM.  

 

The wind creates a wedge of freshwater that is deeper downwind (figure 5.1.1.3) which 

induces mixing near the surface and subsequently causes a deepening of the mixed layer. 

This manifests as pycnocline depressions and an elevation in echo anomaly signal 

between ~12-15 m deep. The ~20-30 day periodicity of this reinforces that the deepening 

is likely a result of the influence of the BAM which is consistent with BAM induced 

pycnocline depressions shown in Ross et al., (2015).  
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Regions of elevated turbulence in the water column have been shown to pose a boundary 

for the diel vertical migration (DVM) of zooplankton (Ianson et al., 2011; Farmer and 

Freeland 1983). To relate elevated TKE caused by the BAM to the DVM pattern in the 

fjord, volume backscatter patterns during pycnocline depression were analyzed.  

5.2 Fjord Biology 

In Martinez Channel, the combination of the elevated turbulence, sharp salinity gradient, 

and relatively high velocity at the pycnocline produces a physical upper barrier of DVM 

in Martinez Channel (Meerhoff et al., 2014). However, during periods of pycnocline 

depression induced by the BAM, this barrier deepens to ~12-15 m and both wind-induced 

and wave-induced turbulent dissipation occurs. This manifests as the strong signal over a 

small range of depth (~ 2 m at 8 m depth) at the pycnocline weakening over ~5 m and 

extending to ~12-15 m depth as the BAM induces mixing. An example of this is seen the 



 56 

week of October 12th where the signal becomes weaker (~ -24 dB re 1 m-1) and deeper 

(~12-15 m instead of ~8 m), indicating a deeper mixed layer, following the first day of 

the week when the wind associated with the BAM started to propagate (October 12th; 

figure 4.9.4). Studies have shown that increased mixing and consequently turbulence 

benefits predators by increasing their encounter rate with zooplankton (Pecseli et al., 

2011), which is incentive for zooplankton to avoid turbulent areas. This indicates that the 

deepening of the mixed layer might deter zooplankton from migrating completely to the 

density interface. Also, mixing at the density interface supports the incorporation of 

nutrients into deeper water (Farmer and Freeland 1983), suggesting that full ascension to 

the pycnocline may not be necessary.  

 

Diel migration patterns during a period of pycnocline depression in the week of October 

12th, 2014 support this hypothesis. During this week, the pycnocline depresses from ~8 

m to ~12-15 m and an elevated Sv signal (>-28 dB re 1 m-1) consistent with DVM is 

found from sunset to sunrise most nights (figure 4.9.4). However, this signal only extends 

upwards to ~30 m rather than up to the pycnocline (~12-15 m) as seen in the other sample 

weeks of DVM occurrence (figure 4.9.1; figure 4.9.2; figure 4.9.3; figure 4.9.4). To 

emphasize this, the week of October 12th was plotted between 20 and 78 m depth to 

isolate the DVM signal and alter the color bar to see if there was any activity between 

~20 and 30 m depth that the strong signal from the pycnocline was overpowering or 

saturating (figure 5.2.1). As expected, the cropped figure shows very little activity 

between 20 and ~30 m, indicating that the zooplankton did not fully ascend to the 

pycnocline as they did in other representative weeks throughout the year. This is 
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ostensibly due to the depression of the pycnocline and consequent widening of the mixed 

layer.  

 

 

 

To investigate how biology interacts with the BAM over the entire time series, a depth 

average of volume backscatter was taken between 20 and 78 m to isolate signals 

associated with the DVM and disregard signal from the pycnocline region. This allows 

for direct comparison of DVM signal during periods of pycnocline depression and 

otherwise. Figure 5.2.2 shows a depth average of volume backscatter (between 20 and 78 

m) during periods of BAM storminess (illustrated by the numerical indicators) to explore 

how the DVM pattern is affected by pycnocline depressions. Above-average volume 

backscatter during periods of BAM influence indicate that this phenomenon likely 

increases DVM in Martinez Channel. To further affirm this, an average of depth and time 

was taken during periods of pycnocline depression and compared to the depth and time 
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average of the rest of the year. The depth and time average volume backscatter signal 

between 20 and 78 m depth for the days with enhanced winds and waves due to the BAM 

was -32.98 dB re 1 m-1 compared to -33.88 dB re 1 m-1 for the days of 2014 featuring 

nominal conditions. This slightly higher signal suggests that the BAM might increase 

DVM. However, this finding warrants further investigation, especially because it is 

unknown whether the number of zooplankton migrating would increase or if the 

frequency of migration during the BAM increases.  

 

In addition to being influenced by sunlight, zooplankton migrations have also been 

shown to be affected by variation in moonlight availability (Alldredge and King 1980). 

Alldredge and King (1980) conducted a study on a subtidal sand flat in the Gulf of 

California, Mexico that explored the effect of light on DVM, particularly light associated 

with the lunar cycle. Migrations to the pycnocline are expected to decrease during highly-

lit periods (i.e. full moons) so zooplankton avoid visible predation at the surface. This 

study found polychaetes, amphipods, copepods, and isopods among other zooplankton 
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species when sampling 2 h periods once every 24 h for four days. This sampling method 

was repeated for new, full, first, and last-quarter moons for July and August of 1978. The 

study concluded that copepod migration was not significantly influenced by moonlight 

but migration of polychaetes and larger amphipods was.  

 

Monthly in-situ zooplankton sampling carried out in Martinez Channel in every month of 

2010 also found polychaetes, amphipods, and copepods, the latter being the most 

abundant on the magnitude of 105 per 100 m3 of water. Distribution of the zooplankton 

from 2010 is shown in figure 5.2.3.  

 

 

These findings are the most recent data available for Martinez Channel and therefore 

provide a general idea of zooplankton species distribution. As copepods were most 

abundant (figure 5.2.3a), their migration pattern is likely to be representative of the 

overall migrations patterns in Martinez Channel. Alldredge and King (1980) found 
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copepod migration was not significantly influenced by moonlight and occurred 

consistently at dusk. Valle-Levinson et al. (2014) also found moon phase to have limited 

influence on copepod migration. Therefore, it is likely that the DVM pattern in Martinez 

Channel did not vary throughout the lunar cycle as copepods dominated the species 

distribution. However, some variation depending on moonlight availability is possible as 

other species found in Martinez Channel such as polychaetes and larger amphipods have 

been shown to decrease their migration during moonlit periods to reduce visible predation 

(Alldredge and King 1980).  

 

Visible predation is most threatening during full moons and least threatening during new 

moons. This is because full moons increase visibility within the water column, making it 

easier for predators to see the zooplankton migrating, and new moons produce the least 

amount of light which masks the zooplankton migration from predators. Therefore, 

volume backscatter (Sv) signal was compared for full moon periods versus new moon 

periods to investigate if more zooplankton migrated during new moons, indicated by a 

higher signal in Sv. This was done by taking the maximum Sv signal between 20 and 78 

m (between the deepest depressed pycnocline depth and deepest recorded data point) 

during each full moon and new moon and averaging them respectively (figure 5.2.4). 

Contrary to expected, the average signal for full moon migration was larger than the 

average for new moon migration (-21.49 dB re 1 m-1 compared to -23.77 dB re 1 m-1 for 

new moons).   
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However, four new moons in 2014 (January 1st and 30th, November 22nd, December 

2st) occurred during periods where the DVM pattern did not qualitatively appear in the Sv 

(before April 1st and after November 14th, 2014). The lack of DVM pattern might be due 

to limited food source. This is due to Chlorophyll measurements from November and 

December showing lower values than measurements recorded in January and June (<~0.1 

CCI compared to ~0.2 CCI for January and June casts; figures 4.2.1 and 4.2.2). 

Chlorophyll is a representative measurement of primary producers, implying that food 

availability for zooplankton was low during these periods and therefore factored into the 

migration pattern more-so than the moon phase. The DVM pattern appears to have faded 

around November 14th (figure 4.8.2), indicating that food levels might be decreased 

around this time. The next available chlorophyll measurement (November 29th) showed 

values <~0.005 CCI above the pycnocline, indicating a limited supply of food.  
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Another reason for an elevated DVM pattern during full moons could be the overlap 

between full moons and BAM influence. This occurred on February 14th, April 15th-

16th, November 6th-7th, and December 5th-6th in 2014 (figure 4.8.1; figure 4.8.2) which 

represent the second, fourth, eleventh, and twelfth full moon respectively (FM2, FM4, 

FM11, FM12; figure 5.2.4). The maximum volume backscatter during these times was -

17.84, -24.12, -18.15, and -16.52 dB re 1 m-1 respectively, indicating that the mixing 

generated by the BAM might cause an increase in DVM despite the light from the full 

moon. However, based on this hypothesis, it would be expected to see an increase in Sv 

during periods when new moons and the BAM-induced storms overlap as well. To the 

contrary, results show that the maximum Sv during periods of BAM influence and new 

moons were less than periods when BAM influence overlapped full moons (figure 5.2.4). 

This indicates that something external to these factors may be causing the increase of 

DVM during full moons and/or the decrease of DVM during new moons. It is important 

to remember that the BAM is a proxy for storminess in the southern hemisphere that 

brings high winds, low pressure, and elevated moisture (Ross et al., 2015). The elevated 

DVM signals during the full moons when the BAM influence was present could be due to 

an increase in cloud cover in addition to the increased turbulence near the surface.  

 

To investigate whether cloud cover affected DVM patterns in 2014, weather was 

analyzed for the period when the BAM overlapped with full moons and new moons 

(World Weather Online). On average, the full moons had a cloud cover of 43.33% at 7:00 

pm (around sunset) whereas new moons had 33.25% cloud cover. Averages were 

calculated by averaging the values for each full moon period. The additional cloud cover 
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during the four full moons that occurred concurrently with a storm could contribute to the 

high values of volume backscatter during these times by limiting moonlight.  

 

This study was able to conclude that overall, the lunar cycle seemed to have little effect 

on DVM in Martinez Channel. This aligns with Valle-Levinson et al., (2014) and 

Alldredge and King (1980) who found light availability from the lunar cycle to bear little 

effect on copepod migration, the most abundant species in Martinez Channel according to 

Ross et al., (2015). Also, the BAM appeared to increase DVM but limited the upward 

migration to ~30 m instead of fully to the pycnocline (which is ~12-15 m during 

depression). To expand on the findings of this study, future studies should include in-situ 

sampling of zooplankton species, age, and sex, chlorophyll levels throughout the year, 

and temperature variation with depth to obtain a full picture of intra-annual migration 

patterns in Martinez Channel. In addition, having in-situ samples during periods where Sv 

is quantified would allow for a more accurate description of species migration patterns.  

Next, this study investigates how a GLOF relates to the biology and how these are both 

affected by the BAM.  

5.3 Glacial Lake Outburst Flooding 

Glacial Lake Outburst Floods (GLOFs) have been found to influence the abundance and 

composition of biology by delivering high concentrations of suspended sediments 

(Meerhoff et al., 2014). As a DVM pattern persisted through most of 2014 in Martinez 

Channel, it is important to investigate how the GLOF interacted with this pattern. A 

model created by Marin et al., (2013) to investigate impacts of GLOFs on suspended 

sediment concentration in the Baker-Martinez fjord complex found that an influx of 
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glacial flour (glacial sediments) resulting from a GLOF increased suspended solid 

concentrations by 240 times at the head of Martinez Channel (Marin et al., 2013). High 

concentrations of suspended sediments have been shown to decrease primary production 

(Meerhoff et al., 2014; Montecino and Pizarro, 2008), subsequently decreasing secondary 

production (i.e. zooplankton). This indicates that suspended sediments delivered by a 

GLOF might decrease DVM of zooplankton by reducing their food source, 

phytoplankton.  

 

However, the 2014 GLOF in Martinez Channel occurred during mid-to-late summer 

when primary producer concentrations are typically limited (Meire et al., 2017; Walker, 

2000). Consequently, zooplankton have less reason to migrate vertically during this time 

as food isn’t as readily available and surface temperatures are higher (Meerhoff et al., 

2014; Valle-Levinson et al., 2014). Therefore, there was no DVM pattern present during 

the GLOF and decreased DVM pattern after November 14th, as this is when surface 

temperatures begin warming and primary production would decrease (figure 4.8.1; figure 

4.8.2). This is evident from a lack of vertical pattern in both the echo anomaly and 

volume backscatter from November 14th to April 1st (figure 4.8.1; figure 4.8.2). If the 

GLOF occurred during a time that DVM was present, it would be likely to see the pattern 

halted or obscured as reported in Ross et al. (2015). However, Ross et al. (2015) also 

reported a positive correlation (r2=0.74) between increases in river discharge and Sv, 

indicating that large scatterers (>5 mm) are present within the water column. In addition, 

Ross et al. (2015) showed an elevated Sv (> -80 dB re 1 m-1) signal during the GLOF 

which is to be expected (Marín et al., 2013). However, this strong signal persisted from 
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days 28-50 (January 28th- February 19th) although the GLOF occurred during days 32-

34 (February 1st-3rd). It is unknown why there would be an elevated signal preceding the 

GLOF. No other extreme events that could lead to increased concentrations of sediment 

such as a landslide were reported before February 1st (the date of the GLOF).  

 

As addressed in Section 5.1, Martinez Channel showed wind-driven circulation in 2014. 

During the GLOF and shortly thereafter, wind and surface velocities were directed 

eastward (in-fjord; figure 4.4.3; figure 4.3.1). The elevated wind showed BAM 

periodicity (~20-30 days) and was directed predominantly eastward for the first 50 days 

of 2014 (until day February 19th; figure 5.3.1). Figure 5.3.1 shows lowpass wind and 

velocity for the days surrounding the GLOF (day 30-36; January 30th-February 5th). The 

eastward surface flow occurring in conjunction with eastward wind implies that the wind 

driven flow was significant enough to retain flood waters near the head of the fjord. 

However, there wasn’t a significant westward return flow observed (figure 4.4.2; figure 

4.4.3). This could be due to wind spreading the water out over a large surface area and 

preventing a concentrated westward return flow. An investigation into differences 

between GLOFs occurring during periods of wind-forcing versus periods of wind 

dormancy would be beneficial as the BAM and GLOFs are both significant phenomena 

occurring in Martinez Channel.  

 

Retention of floodwaters could have important implications for local biology as fjords are 

highly productive marine ecosystems. The elevated signal in the Sv persisted for ~20 days 

after the GLOF occurred (figure 4.8.1), indicating that the wind from the BAM could 
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retain floodwaters and sediment contained within. Sediment retained near the shore could 

potentially settle in high concentrations and bury marine nurseries rather than dispersing 

down-fjord, hindering marine populations. Also, new terrigenous substances introduced 

by the GLOF could interact with existing biology in the fjord and influence symbiotic 

relationships. Unfortunately, this study did not focus on the organic composition of 

glacial flour brought in by a GLOF and therefore this is beyond the scope of this study.  

 

It is important to understand how GLOFs interact with the physics and biology of 

Martinez Channel to get a full picture of what happens during these increasingly frequent 

events. From this study, it is inferred that winds associated with the BAM are capable of 

retaining floodwaters from a GLOF at the head of the fjord and that GLOF sediment 

influx could potentially reduce primary production and consequently secondary 

production by decreasing light availability. 

 

Although the data analyzed in this study provides a good description of Martinez Channel 

through 2014, it is important to understand the limitations of the above-mentioned 
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analyses. Therefore, the following section discusses the limitations affecting this study 

that could ideally be improved upon in future work.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 68 

STUDY LIMITATIONS 
 
 
 

Unfortunately, this study was not without limitations. Perhaps the biggest limitation in 

investigating the role of the BAM on fjord circulation was that the closest available wind 

measurements were ~100 km away from where the ADCP was moored in Martinez 

Channel (figure 3.1). However, both locations are under the influence of the westerlies 

and therefore exhibit similar wind patterns, making the wind collection location an 

acceptable proxy for wind through Martinez Channel.  

 

Another limitation to this study is the complex geometry of the fjord. Specifically, fjord 

bathymetry and elevation can affect flow patterns (Gille, 2003). To ensure 

comprehensiveness in future studies, fjord bathymetry and elevation should be 

considered. In addition, the location of the ADCP mooring was at a very complex 

location in the fjord, as it was at the junction of Martinez Channel and Stefan Fjord 

(figure 2.1). Future studies could benefit from ADCPs moored at several locations along 

Martinez Channel concurrently to determine which system (Stefan Fjord or Martinez 

Channel) has more influence over fjord circulation. However, the difficulty of mooring 

instruments in this remote part of the world would make this a difficult feat. 

Future studies linking physical and biological characteristics of this system would benefit 

from investigating the role of zooplankton within Martinez Channel as there was shown 

to be a correlation between zooplankton DVM patterns and the BAM. In-situ sampling of 

zooplankton species, age, and sex distributions as well as measurements of primary 

producers in the fjord throughout the year would complement the ADCP measurements.  
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CONCLUSION 
 
 
 

The purpose of this study was to characterize intra-annual variations in fjord 

hydrodynamics and biology and to determine how these change in the presence of a 

GLOF. Wind was found to have a major influence on the fjord hydrodynamics and 

should be considered in future studies. Specifically, wind was found to drive circulation 

through most of 2014 and wind associated with the BAM induced enhanced TKE 

dissipation which resulted in a depression of the pycnocline every ~20-30 days. Ross et 

al., (2015) recognized this pattern persisting for three months in Martinez Channel. 

However, a study observing this pattern for an entire year has never been conducted 

before. Therefore, the year-round pycnocline depressions induced by the BAM found in 

this study represent a novel finding for this region and suggest that the BAM could play a 

role in other Chilean Patagonian fjords.  

 

Considering that South America can be expected to experience an increase in GLOF 

events (Dussaillant, 2009; Harrison et al., 2006; Ross et al., 2015), understanding the 

interaction between the BAM and GLOFs is important. This study showed that winds 

from the BAM were prominent enough to retain floodwaters associated with a GLOF at 

the head of the fjord. This can have major implications for local marine life as GLOFs 

deliver a lot of suspended sediment into fjord systems (typically increasing existing 

concentrations by a factor of 240). The high echo anomaly signal persisting ~20 days 

after the GLOF event suggests that suspended sediment is retained along with the 

floodwaters. This means that suspended sediment is likely to settle in one concentrated 
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location instead of dissipating over the length of the fjord which can shroud marine life 

and negatively affect benthic communities. The retention of glacial flour delivered by a 

GLOF could also negatively affect DVM in Martinez Channel by hindering light 

availability for primary production. Unfortunately, the GLOF in this study occurred 

during a period where DVM wasn’t present. Therefore, this suggestion warrants further 

investigation.  

 

In addition to investigating light availability associated with sediment from a GLOF, this 

study also considered variation in light availability due to the lunar cycle. Although this 

study suggests that the lunar cycle did not affect DVM, it is difficult to make a 

conclusion as biology is influenced by many factors that this study was not able to 

account for. For example, factors such as food availability, light availability, and 

zooplankton species, sex, and age distribution affect the DVM pattern so measurements 

of these would ensure a more comprehensive study on the DVM of zooplankton (Valle-

Levinson et al., 2014). However, this study was able to conclude that the average 

maximum migration signal from the volume backscatter was higher for full moons 

throughout 2014 as opposed to new moons. Unfortunately, it is not possible to determine 

whether this is a result of an increase in the number of zooplankton migrating or an 

increase in the frequency of migrations with the available data. In-situ measurements of 

zooplankton at different depths during periods of quantified volume backscatter could 

assist in forming a more confident conclusion regarding the effect of moon phase on 

DVM in Martinez Channel.  
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Overall, this study was able to characterize the effects of external events such as the 

BAM and GLOFs on fjord physics and biology in Martinez Channel by using a 

comprehensive data set encompassing 2014. This study provides a basis of knowledge for 

comparing future conditions of Martinez Channel to evaluate the effects of climate 

change. 
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