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ABSTRACT 

Turbulence mixing and transport mechanisms in the bay of La Paz, Baja California Sur, Mexico. 

(May 2014) 

 

Burkely Ashton Pettijohn 

Department of Marine Sciences 

Texas A&M University 

 

Research Advisor: Dr. Ayal Anis 

Department of Marine Sciences 

 

Turbulence is a major mechanism for transport of waterborne constituents such as nutrients, 

pollutants, and sediments, thus directly controlling sustainability of marine ecosystems. Turbulence 

activity and its control mechanisms are poorly understood, and measurement of turbulence 

intensities has proven to be a cumbersome task. To more clearly understand these physical 

processes, a suite of sensors were deployed in a threatened bay (La Paz, Mexico): conductivity, 

temperature, and depth sensors (CTDs) on a tight mooring line (allowing the construction of density 

profiles), alongside current profilers, and a free-falling turbulence profiler. Turbulence activity was 

examined, as well as the contributions to particle transport and mixing. Furthermore, relationships 

between Thorpe displacements, TL, and dissipation rates of turbulence kinetic energy, ε, were 

explored. This will assist in allowing ε (an indicator of turbulence intensities) to be estimated 

indirectly from more common and affordable measurement methods. The physical properties of the 

water show indicate a clear tidal influence, likely from internal waves, and tides strongly influence 

turbulence events. Because tides and topography are fundamental to the creation of internal waves, 

the topography of the bay is vital to the production of turbulence. Moreover, the relationship 

between TL and ε shows influence by the gradient Richardson number, Ri. Where large values of Ri 

tend to not support larger values of TL, and is defined as a nonlinear relationship in the form of: 

ε = N
3
 * .026TL ^ 1.019; where N is the buoyancy frequency.
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CHAPTER I 

INTRODUCTION 

 

Turbulence can be defined as energetic, eddy-like rotational motion that causes dilution, stirring, 

spreading, and mixing of particles. It is the dominant physical process responsible for transfer of 

momentum, energy, heat, and particles in oceans, lakes, and rivers on this planet and others 

(Thorpe, 2007). The topic of turbulence extends into many fields beyond oceanography as 

turbulence occurs in all fluids with identical mechanisms. In oceans, it moderates diapycnal 

mixing (mixing across density gradients, or pycnoclines), which is critical for the delivery of 

nutrients to various organisms throughout the water column. Primary producers that directly rely 

on these physical processes for nutrients include, but are not limited to, larvae (Le Fèvre & 

Bourget, 1992), macroalgae primary producers (Ladah et al., 2012), and coral reefs (Leichter et 

al., 2003).  

 

Turbulence eddies commonly cascade from larger to smaller scales, until eddies of molecular 

scale dissipate into heat. The rate of dissipation of turbulence kinetic energy (TKE) into heat, ε, 

is commonly used to characterize turbulence (Osborn, 1980; Oakey, 1982; Anis & Singhal, 

2006), because it is assumed that dissipation of energy is indicative of the energy input (Itsweire 

et al., 1993). Turbulence is typically quantified by ε, but it also allows the estimation of vertical 

mass flux, KP, or particle flux across the pycnocline (Osborn, 1980). 

 

Small-scale turbulence mixing has even been linked to ocean circulation, thus linking 

microstructure and turbulence to important topics like Earth’s climate (Saenko, 2006). Because 
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the quantification of turbulence is important in many aspects, ε has become a variable of great 

interest to physical oceanographers, however determining it accurately over various parts of the 

world ocean has proven to be a difficult task. 

 

High frequency measurements of temperature inversions provide one way to estimate ε (Oakey, 

1982), by using the Batchelor spectrum fitting method (Batchellor, 1959; Dillon & Caldwell, 

1980; Kocsis et al., 1999; Ruddick et al., 2000; Anis & Singhal, 2006; Yeates et al., 2013). This 

method provides confident estimates of ε, however it requires deployment of a microstructure 

profiler and collection of many profiles in order to provide a large enough set of observations 

required for statistically significant inferences of the underlying turbulence processes. This is 

both costly and physically demanding, usually consisting of casting the instrument into the water 

repeatedly. While this is a powerful method of measuring ε and other parameters, it is limited in 

the number of profiles that have been and can be taken. 

 

Thorpe scale method 

Over the past few decades, several attempts have been made by physical oceanographers to find 

a simpler method to determine ε accurately from more commonly collected oceanic 

measurements that do not require specialized turbulence (Oakey, 1982; Kocsis et al., 1999; 

Mater et al., 2013). However, current methods produce questionable results and still require fine 

tuning. Among these methods, some of the more prevalent make use of the Thorpe length scale, 

Ozmidov length scale, and Brunt–Väisälä , or buoyancy frequency, to estimate ε (Thorpe, 1977; 

Dillon, 1982). 
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The buoyancy frequency (N), is the rate that a displaced parcel of water requires to return to its 

static state due to gravitational restoring buoyancy forces, and N
2
 is proportional to the density 

gradient (∂ρ/ ∂z). Gravity causes denser water to sink while less dense water tends to rise - in the 

first case N
2
 ˂ 0, and the water column is considered unstable, while the second case N

2
 ˃ 0, and 

the water column is considered stably stratified. Thorpe length, TL, scale is an estimate of the 

vertical scale of density overturns and is determined by comparing the vertical distance a fluid 

parcel has moved (up or down) from its (hypothetic) position in a matching vertically stable 

water column (figure 1). TL is calculated as the root mean square of the distance that a parcel 

would have to be moved (δz) to match the stable stratification (Thorpe, 1977; Gargett & Garner, 

2008). Ozmidov length, LO, scale is the maximum vertical length of an eddy unaffected by 

density stratification and is related to ε and N (equation 1) (Ozmidov, 1965; Mater et al., 2013). 

 

LO = (
ε

  )
  2

  (1) 

 

 

Figure 1: The points in the density profile (left) must be moved up or down to match the stable 

profile (dashed line) and are moved the amount shown in the Thorpe displacement (right). 
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It is assumed that a relationship between LO and LT exists, and Thorpe (1977), Peters et al. 

(1995), and Ferron et al. (1998) all suggest a near-linear relationship (equation 2).  

 

LO =αLT (2) 

 

Substituting equation 2 into equation 1 and solving for ε (equation 3) allows estimation of ε as a 

function of LT and N. 

 

ε =α
2
LT

2
N

3
 (3) 

 

Recent studies (Yeates et al., 2013; Mater et al., 2013) indicate that α is not a simple constant, 

but instead it depends on the gradient Richardson number, Ri. 

 

Gradient Richardson number 

Ri is the ratio of two values: velocity shear (S) and N
2
. Velocity shear is the change of velocity 

with respect to depth (figure 2), and it creates shear stress which causes water to rotate and 

develop eddies, which may lead to instabilities and eventually turbulence.  
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Figure 2: Velocity Shear. From this view, the rotation tendency of eddies would be clockwise. u 

is composed of two components (U and V) and S
2
 is calculated by (∂U/ ∂z)

2
 + (∂U/ ∂z)

2
 

 

Ri (equation 4) compares squared shear (S
2
), which contributes to production of turbulence, to 

the buoyancy force (N
2
) working against turbulence. Experimental evidence suggests that when 

Ri < 0.25, the formation of turbulence occurs (Pond & Pickard, 1983). 

 

Ri = 
  

    (4) 

 

While Ri allows observation of the tendency for turbulence to be created over the duration of the 

experiment, it is not definitive and does not provide a direct measure of the magnitude of 

turbulence. 

 

In chapter 2, the methods used for our observational and analyses will be discussed, including 

deployment of the sensors, and estimation of the tendency of turbulence to develop (Ri), the 

turbulence intensities (ε), and the vertical diffusivity intensities (Kρ). Kρ will then be compared to 

external forcings (tidal, meteorological, etc.) to determine the drivers of turbulence in the Bay of 

La Paz, Mexico. Lastly, this experiment has the advantage of deploying a self-contained 
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autonomous microstructure profiler (SCAMP) alongside an acoustic Doppler current profiler 

(ADCP), allowing vertical velocity shear to be introduced to the relationship between ε and TL as 

a means for more accurately estimating ε from more commonly made measurements of 

temperature and salinity (determined by conductivity) as a function of depth. 
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CHAPTER II 

METHODS 

Study site 

The Bay of La Paz, Baja California Sur, Mexico, was chosen due to the known existence of non-

linear internal waves (NLIWs: figure 3). Internal waves ride on density gradients in a similar 

fashion to surface waves. They are driven, in many instances by tides and interactions with 

bathymetric features (St. Laurent et al., 2012; Jackson et al., 2012). Resulting non-linearities of 

the internal waves contribute to their instabilities resulting eventually in wave breaking and 

significant mixing events (Smyth & Moum, 2012). 

 

 

Figure 3: (right) satellite image of internal waves in the Bay of La Paz, Baja California Sur. The 

region of the satellite image is shown on the map (left) 

 

Observational instrumentation 

A tight mooring line was deployed in the bay with 40 sensors suspended throughout the water 

column, along with two upward looking ADCPs mounted to a bottom pod. Figure 4 provides the 
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location of the study sites and figure 5 details the mooring schematic. Six of the forty sensors on 

the line measured temperature, conductivity, and pressure, ten measured temperature and light 

intensity, and the remaining twenty-four sensors measured temperature. The ADCP (Nortek 

acoustic doppler Aquadopp current profiler) returns velocity profiles by transmitting pulses of 

sound and analyzing the changes in sound pitch (the Doppler effect) from echoes off particles 

that are assumed to be advected with the flow. 

 

SCAMP, a free-falling microstructure profiler equipped with three sensors for temperature and 

two for conductivity,  was used to collect vertical profiles of microstructure temperature and 

conductivity fluctuations (spatial scales down to less than one centimeter and timescales as low 

as 0.05 seconds). SCAMP was also equipped with a pressure sensor to determine depth, and 

fluorescence and photosynthetically active radiation (PAR) sensors. SCAMP allows the 

measurement of the physical and chemical properties needed to determine ε, N
2
, LO, LT, KP, 

PAR, and chlorophyll concentrations. Because the accuracy and data retrieved by SCAMP is so 

substantial, three 24-hour sampling periods were devoted to casting SCAMP from a vessel 

anchored at the study sites (figure 4). 

 

To complement our underwater data collection, a meteorological station was set up to 

simultaneously measure humidity, water, and air surface temperature, from which we estimate 

outgoing longwave radiation using a bulk formula determined by Fung et al. (1984). Incoming 

shortwave radiation, wind speed and direction, and barometric pressure are also measured. 

Location of the meteorological station is shown in figure 4. 
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Figure 4: Study site with locations of the mooring, meteorological station, and day 1 of SCAMP 

deployment 
 

 

 

Figure 5: Mooring Schematic 
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Data Analysis 

First, the velocity data acquired by the ADCP was smoothed over time using a running average 

with a window size of 11 (11 samples X 105 seconds per profile interval = 19.25 minutes). 

Vertically, the velocity measurements were averaged over half-meter bins, and shear was 

calculated using equation 5 (Pickard & Emery, 1990). 

 

S
2
 = (

  

  
)
 

+ (
  

  
)
2

 (5) 

 

where U and V are the horizontal components of the water velocity, and z is the vertical 

coordinate. 

 

Water density was then computed from the conductivity, temperature, and pressure values from 

the CTDs suspended throughout the water column (6 continuous days) and SCAMP (3 separate 

days), using the equation of state for seawater (UNESCO, 1983). The density values were also 

bin-averaged to the same half-meter cells as for the ADCP and the squared buoyancy frequency 

was determined using equation 6 (Pond & Pickard, 1983). 

 

N
2
 = 

  

  
 
  

  
  (6) 

 

where g is gravitational acceleration,  ρ is the average density, and δρ δz is the density gradient, 

or change in density with respect to depth. 
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Ri was then calculated using equation 4. When density stratification is high, N
2
 is high and Ri is 

larger, indicating resistance to turbulence. Likewise, when velocity shear (S
2
) is high, Ri is 

smaller, indicating the support of turbulence.  

 

Estimates of ε were determined using the Batchelor spectral fit method (Oakey, 1982; Ruddick et 

al., 2000) from the high frequency temperature gradient measurements by SCAMP. Then using 

equation 7, the rate of vertical diffusion was determined. 

 

Kp = Rf/(1-Rf)( 
 

   )  (Osborn, 1980) 

critical value of Rf = 0.15 (Ellison, 1957) 

Kp = 0.2( 
 

   )  (7) 

 

Two different calculation methods were employed to verify the values of Thorpe displacements 

from the density data collected by SCAMP. 1) A simple difference calculation between the depth 

of actual densities and the depth of density values sorted into a stably stratified profile (Dillon, 

1982; PME, 1998). And, 2) a more complex method by Gargett and Garner (2008), that removes 

the effect of questionable instabilities caused by salinity, and hence density spiking. Also, values 

in the top three meters of the water column were excluded to eliminate the influence of surface 

waves. 
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CHAPTER III 

RESULTS 

The microstructure and turbulence will be described by three-dimensional plots of a vertical 

profile at one location over time. Velocity and shear are first described and the density profiles 

from the tight mooring line and then from SCAMP are described and compared with shear data 

to compute Ri. SCAMP data is then further investigated to determine values of TL, TO, ε, KP, and 

the ratio of TL to TO; table 1 shows ranges of these parameters in the bay during the experiment. 

 

Table 1 

 LT  [m] LO [m] N [rad/sec] Ri ε [m
2
/sec

3
] KP [m

2
/sec] LT/LO (α) 

min 8.4767e-04 0.0013 1.5141e-05 0.0025 9.5452e-12 1.0392e-08 0.0150 

mean 0.1164 0.0664 5.7615e-04 0.7028 4.5753e-08 2.6835e-05 1.3436 

max 1.3197 1.9626 0.0059 166.7227 2.1498e-05 0.0072 44.7699 

dev. 0.1393 0.0838 6.4787e-04 4.3837 2.9361e-07 1.2115e-04 2.6331 

 

The meteorological data is then presented on the same timescales as these variables so 

relationships between any potential drivers of turbulence can be investigated. Lastly, the 

correlation between Thorpe length scale and Ozmidov length scale is presented. 

 

Velocity shear 

 he velocity values measured  y      are recorded as three components  east-west, north-

south, and up-down.  he east-west and north-south components were rotated through  0  to align 

the velocity components to cross- and alongshore components (figure 4). This rotation provides a 

natural coordinate frame for the velocity components as well as analysis of the flow in the 

directions of main interest. These components, for the entirety of the experiment can be seen in 

figure 6, along with the respective vertical velocity shear components. 
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Figure 6: Velocity components (a, c)  “positive” velocities refer to flow in the northeast or 

southeast direction, and “negative” velocities to the southwest or northwest. dU dz and dV dz (b, 

d) are the respective vertical velocity shear components, and e) S
2
 is determined from the square 

of the shear components (equation 5). The solid black line is the water surface and the red line is 

the range of data that is used for computations (four meters below the surface) 

 

Buoyancy Frequency 

To prevent biological particles from fouling the sensors that were left in the water for extended 

periods of time (ie: those on the tight mooring line), copper mesh was wrapped around individual 

sensors. While adherence of plankton to the sensors was prevented, the conductivity signals 

appear to have been affected as well. Because density is a function of salinity, thus conductivity, 

this affected the accuracy of density measured from the CTDs on the tight mooring. Here we 

computed density using the temperature data while keeping salinity constant. Salinity determined 

from SCAMP profiles support our assumption that density was chiefly reliant on temperature for 

the extent of the experiment, varying only  y  0.    SU, while temperature varied  y more than 

 .0    .  etermined from the tight mooring, the temperature, density, and  uoyancy frequency 
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profiles for the duration of the experiment can be seen in figure 7.  Then S
2
 and N

2
 are used to 

estimate Ri (figure 8). 

 

Figure 7: a) temperature profile       from sensors on the tight mooring line, b) the density 

profile [kg/m
3
], computed from temperature using the equation of state for seawater (UNESCO, 

1983), and c) N
2
 computed from density using equation 6 

 

 

Figure 8: a) S
2
 from figure 6, b) N

2
 from figure 7, and c) the resulting Ri 
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Figure 9 shows temperature and salinity determined from SCAMP, which were then used to 

calculate potential density, and finally N
2
. Then S

2
 was compared to N

2
 to estimate Ri (figure 10). 

 

 
 

Figure 9: N
2
 (d) determined from SCAMP data: a) temperature, b) salinity, c) the sorted 

potential density (effects of pressure removed) determined from potential temperature and 

salinity using the equation of state for seawater (UNESCO, 1983) 

 

 
 

Figure 10: Ri (c) determined from a) S
2
 from figure 6, and b) N

2
 from figure 9 
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SCAMP 

SCAMP, along with the MacSCAMP software (PME), provides over fifty different plots, 

including: temperature, conductivity, salinity, density, N
2
, ε, TL, signal to noise ratio, fall speed, 

and many more. Figures 11 and 12 present relevant data to this particular experiment - acquired 

from SCAMP on the first of three 24-hour sampling periods. Again, density is used to compute 

buoyancy frequency, and then TL and ε are shown to preview the relationship that will later be 

investigated more thoroughly. While all three days of SCAMP deployment will be used to 

estimate ε, only the first day of sampling was conducted directly over the tight mooring line, 

therefore the velocity data from ACDP could be used in conjunction with the data collected by 

SCAMP on day 1. Figure 13 shows potential density, which was used to calculate N
2
, and ε 

which was used to calculate KP for all three days of SCAMP deployment. KP can then be 

compared to potential driving forces. Figure 14 then presents the meteorological data throughout 

the experiment. 
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Figure 11: SCAMP data from June 8
th

. The x-axis is time in yeardays (24 hours = 1 yearday) 

and the y-axis is depth in meters. Red indicates a greater magnitude of the variable: a) density –

1000 [kg/m
3
], b) N, c) TL, and d) ε 
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Figure 14: Meteorological data: a) outgoing longwave radiation estimated from sea-surface and 

air temperature and incoming shortwave radiation, both in W/m
2
,  ) air and sea-surface 

temperature      (the temperature sensor on the surface malfunctioned on day   and the 

remaining data was lost), c) barometric pressure in millibars, and d) wind speed 

 

Thorpe scale method 

Finally, ε and N
2
 were used to determine LO using equation 2, so the relationship between LO and 

LT could be examined. Figure 15 shows the plot of these data from day 1 of SCAMP 

deployment. A robust fit was then made and the coefficients, along with margin of errors can be 

seen in table 2. LO/LT, or α, is then plotted against Ri in figure 16. 

 

Table 2 

a(LT)
b 

coefficient a(LT) + b coefficient 

a 0.1619 ± 1.0289 a 0.1875 ± 0.0034 

b 0.5096 ± 0.0092  b 0.0265 ± 0.0006 
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Figure 15: LO vs LT to determine α (equation 2). On the left is the log10 scale. Shown here are 

approximately forty points per each of 172 casts on day 1 of SCAMP deployment (June 8
th

) 

 

 

Figure 16: α vs Ri of day 1 of SCAMP deployment (June 8
th

) 
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CHAPTER IV 

DISCUSSION 

 

Turbulence intensities varied on approximately a twenty-four-hour time period with more intense 

mixing events occurring just before sunrise. Winds persistently gained speed at night, which, 

along with a decrease in temperature (resulting in surface cooling), appear to influence 

instabilities in the top few meters of water. While the meteorological parameters (temperature, 

incoming and outgoing radiation, barometric pressure, and wind speed) also varied on twenty-

four-hour time periods, they appear to have had little to no effect on deeper water. The deep-

water, especially the pycnocline, is the primary area of interest, as forces other than surface 

meteorology are required for turbulence to occur. 

 

Interpretation of turbulence patterns 

Because of the vast differences in temperature, density, and chemistry across pycnoclines, 

observations of internal waves can be made by almost any ocean instrument: CTDs, 

fluorometers, oxygen sensors, velocimeters, plankton samplers, and even at the surface as slicks 

that form above the internal waves (Jackson & Apel, 2002). While surface slicks were seen at the 

study site during the experiment, the density profiles from the tight mooring line verify the 

occurrence of internal waves (figure 7). The waves have periods as long as twenty-four hours 

and wave heights over five meters, although also occurring at higher frequencies and with less 

magnitude. Evidence of overturns can be seen in the density contours as well as the Thorpe 

displacement profiles computed from SCAMP measurements (figure 12), indicating the possible 

buildup of Kelvin-Helmholtz insta ilities and “ reaking” of internal waves. 
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Values of ε correlate in time with velocity and velocity shear in the water column, which have an 

even clearer correlation with tidal flow (figure 6). The stronger mixing events seem to be 

happening when the tide flows into the bay, which agrees with the mechanism of internal wave 

creation by flood tide over bathymetric features. The entire mechanism is still unclear for this 

location, because smaller internal waves on different time scales can also be seen in the density 

profiles. However, the assumption that non-linear internal waves play a significant role in the 

creation of turbulence in this bay, and therefore mass flux is supported by the description of the 

microstructure of the water properties. 

 

Thorpe scale interpretation 

The plot of LO vs LT (figure 15) supports the notion that there is a relationship between the two 

scales, however not a simple linear relationship (table 2). The trend is more evident in the plot 

with log10 scales, therefore the coefficients implemented here are in the form of equation 8. 

Substituting equation 8 into equation 1 and solving for ε produces equation 9, a relationship 

between ε and LT and N. 

 

LO = m(LT)
b
  (8) 

mLT
b
 = (

ε

  )
  2

 

(mLT
b
)
2
 = 

 

   

m = 0.1619 ; b = 0.5096 (table 2) 

ε = N
3
 * .026TL ^ 1.019 (9) 
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Furthermore, figure 16 helps describe the relationship between LO/LT and Ri: large Ri values do 

not support larger ratios of LO/LT, while larger Ri values only occur when LO/LT is smaller. 
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