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Abstract 

 

Are you part of the network? Characterizing process couplings and feedbacks in a 

river delta using information theory 

 

Alicia Paige Sendrowski, M.S.E 

The University of Texas at Austin, 2015 

 

Supervisor:  Paola Passalacqua 

 

River deltas are highly interconnected systems consisting of channels and inter-

channel islands. They result from complex interactions between fluxes of water, 

sediment, nutrients, energy, and biota. Given the importance of deltas in a social, 

economic, and ecological context, the understanding of delta function and evolution is of 

utmost importance. This work aims to use statistical methods to gain insights into delta 

system processes across spatial and temporal scales. Specifically, understanding the 

effect of discharge, wind, and tidal forcing on delta variables is a key question.  

An information theoretic approach was used to identify environmental controls on 

island and channel inundation, and channel turbidities, in Wax Lake Delta, a naturally 

prograding delta in coastal Louisiana, USA. Continuous water level data were collected 

on the islands during summer 2014 and in the channels during winter 2014. Channel 

turbidities were also collected in winter 2014. Information theory statistics, such as 
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transfer entropy and mutual information, were calculated for all variables to characterize 

controls on depth and turbidity in terms of strength, direction, and scale.  

Discharge, wind, and tidal forcing were found to be very dependent on spatial 

location in the delta. The more upstream locations see increasing influence from 

discharge in both islands and channels, with tidal influence increasing downstream. 

Channels are less affected by tides than islands. Wind influence is more complex and 

varies across space and time for both water level and turbidity. Recalculating information 

theory metrics under conditions of low and high discharge reveals a higher tidal influence 

in low flows and a higher wind influence during high flows. The implications for this 

work are the future construction of a process network, which will show the major flow 

paths of energy, water, sediments, and nutrients through the system, leading to enhanced 

metrics that aid in delta system restoration.  
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Chapter 1: Introduction 

 
A "network," defined by the Oxford English Dictionary is "a group or system of 

interconnected people or things." When discussing networks, associations are usually 

made with the brain, such as the neural network, or with wires and circuits, such as a 

computer network; however, it can be argued that deltaic systems exemplify the 

definition of a "network". Deltas are ecosystems that exist at the interface between the 

land and the sea, leading to connections both ecological and social:  On a large scale, 

deltaic landscapes are estimated to be home to over 500 million people [Syvitski and 

Saito, 2007]. Many economies rely on the resources provided by deltas especially coastal 

fisheries.  

Ecologically, deltas are also home to several endangered species and serve as 

nesting grounds for many bird species and other wildlife. Wetland plants that can handle 

the variability in inundation on the deltaic plain provide enhanced buffers against storms 

[Costanza et al, 2008]. Plants and floodplain sediments also filter the water leading to 

better water quality for fish and shellfish [Rivera-Monroy et al, 2010]. The ecosystem 

processes of wetland plants occur due to a complex interaction between water, sediment, 

and biota that leads to land building and vegetation establishment, which causes further 

land building, resulting in a deltaic system of channel networks and inter-channel islands. 

The hydrologic connectivity of channels and islands is therefore an important avenue of 

study to understand the distribution of water, sediment, and nutrients across the 

landscape.  
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Deltaic landscapes are also susceptible to perturbation. The combined effects of 

decreased sediment supply and effective sea level rise have led to massive coastal land 

loss around the world. In coastal Louisiana especially, it is estimated that upwards of 

4,500 kilometers of land have been lost [Day Jr. et al, 2000]. Decreases in sediment 

supply, caused by infrastructure such as dams and to a lesser extent constructed channel 

levees, are also leading to loss of wetlands. Storms are hitting populated areas with 

greater intensity from the loss of buffering wetlands, with the result of greater economic 

damage to infrastructure and people [Costanza et al, 2008].  The loss of wetlands also 

causes worsening water quality, where for example the loss of denitrifying plants along 

the coast in the Gulf of Mexico has led to an offshore hypoxic zone [Rabalais et al, 

2002]. These incidences display the vulnerability of deltaic systems, but also their 

complexity.  

 The focus of much research today is in the restoration of deltaic systems and land 

building. Understanding how deltas evolve and function is a first step in designing natural 

and engineered solutions, such as river diversions, to mitigate coastal land loss [Paola et 

al. 2011]. An enormous amount of information is needed to describe the connectivity of a 

delta. Inputs and outputs need to be quantified, such as sediment, water, and nutrients. 

How these fluxes interact within the system and the presence of feedbacks among 

landscape processes is a key question. Add the additional components of varying spatial 

and temporal scales and a truly dynamic system emerges.    
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 Various aspects of delta evolution have been studied thus far, such as flow 

dynamics, morphodynamic evolution, and the effect of storm events, using a mix of field 

experiments, laboratory experiments, and numerical modeling [Paola, et al 2011]. These 

works have shown the importance of understanding feedbacks and couplings within the 

system, between processes within the delta, such as sediment transport, and external 

forcing, such as wind [Geleynse et al, 2015]. Additionally, many studies have discussed 

the importance of non-linear couplings within deltas, however, no one has attempted to 

quantify them. 

 Information theory presents a unique solution to the characterization of couplings 

within a system. The information theoretic approach utilizes the notion that information 

is contained within variables, e.g. sediment concentration, water velocity, etc., that are 

physically coupled within the system. This information can be shared or transferred 

among variables leading to feedbacks and distinct directional couplings that can be 

quantified. This method uses entropy statistics to compare many different types of 

dimensional variables across space and time. Mutual information is a measure of the 

shared information between two variables. Transfer entropy captures the strength, 

directionality, timescale, and statistical significance of information flow. Given sufficient 

data over relevant spatial and temporal scales, a process network can be constructed. A 

process network depicts the magnitude and direction of the flow of matter, energy, and 

information between variables representing the key process couplings and feedbacks of 

the system as a whole [Ruddell and Kumar, 2009]. The process network will not only 
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have the capability of better informing on deltaic systems, but can also serve as a tool in 

systems with severed links that need to be restored.   

 This project seeks to take the first step in constructing a process network, by 

quantifying couplings between island water levels, channel water levels, channel 

turbidities, and river discharge, wind forcing, and tides. The work will attempt to look at 

the connectivity between channel and islands in a delta, and the variability within a river-

dominated deltaic system.  

1. RESEARCH QUESTIONS 

a. What is the difference in environmental forcing on island and channel water 

levels?  

b. How do couplings change when considering “high flow” and “low flow” 

discharge conditions? 

c. What conclusions can be made about sediment distribution using turbidity as a 

proxy at multiple points in a delta?  

2. HYPOTHESES 

A major premise of this work is that information theory can be used to capture 

relationships at the network scale that vary spatially and temporally. In this 

regard, the following hypotheses are devoted to understanding the difference in 

response due to spatial gradients in islands and channels: 

a. Tidal forcing is stronger on the islands, while discharge forcing is stronger in 

the channels. This will have implications in the hydraulic residence time of 
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water on the islands, where longer residence times are expected to lead to 

increased denitrification potential. 

b. Couplings between discharge, wind, and water levels are strongest during the 

high flow conditions while couplings between tide and water levels are 

strongest during the low flow conditions. The delivery of sediment and water 

throughout the delta is strongly affected by the discharge and the wind could 

have an additive affect in that capacity when flows are high. This could have 

an impact on the planning of diversions that receive highly variable discharge.  

c. There is a spatial gradient of forcings on turbidity in the channels that reflect 

their location within the network and the forcings they are subject to. This 

spatial gradient of discharge and tide on turbidity can give some insight into 

how sediment and organics are partitioned throughout the delta, which will 

influence the location of future land building.   
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Chapter 2: Literature Review 

1. DELTAIC SYSTEMS 

  This research is motivated by several studies that look at land loss in a deltaic 

plain. For example, Day Jr. et al. [2000] studied coastal wetland loss and found river 

channelization as a major contributor. Paola et al. [2011] highlight the importance of 

studying delta channel networks as a way to gain insight into how a restored delta 

evolves.  Since restoration work tends to make use of natural land building processes, 

there is a need to understand how making changes in one area will impact the system. 

Syvitski and Saito [2007] identified several features that control delta morphology and 

look into anthropogenic influences in changing morphology. Lane [2003] explored the 

potential for denitrification in a wetland, providing evidence that delta islands could be 

sites of denitrification and hence an area of interest for study.  

 Distributary channels have been extensively studied as a way to understand the 

network, providing a pathway to then look at channel-island interaction. Edmonds et al. 

[2010] explored how channels respond to changes in discharge, finding that large 

disturbances in discharge can potentially alter the channel network. Syvitski et al. [2005] 

were able to predict sediment fluxes in a distributary channel network and identified 

channels in natural deltas that use overbank flooding as a form of natural flood control. 

Overbank flooding is also considered a source of environmental fluxes into island 

interiors. Shaw et al. [2013] specifically studied the morphology of Wax Lake Delta, the 

area of interest in this work, by analyzing channel bathymetry and erosion and found that 
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islands with more established vegetation species are prograding more slowly than on less 

vegetated islands. Additionally, Edmonds et al. [2011] analyzed metrics that describe 

delta networks and highlight the distribution of island size as an important parameter. 

Passalacqua et al. [2013] identified delta islands as significant to the functioning of the 

deltaic network. These studies serve as evidence that while much research has yet to be 

done on delta islands, their potential for important ecological and hydrological functions 

is significant.  

2. INFORMATION THEORY 

The beginnings of entropy statistics were developed by Claude Shannon [1949], 

who introduced the Shannon Entropy as a measure of uncertainty. Thomas Schreiber 

[2000] built upon Shannon’s work to develop the transfer entropy statistic. Several 

studies have looked at the role of entropy and complexity in networks [Kumar and 

Ruddell, 2010, Balasis et al. 2013]. Nichols [2005] looked in depth at the mutual 

information parameter related to a characteristic time scale of information flow. Nichols 

[2006] then looked at the effect of non-linearity in the mutual information and transfer 

entropy statistics. Kaiser and Schreiber [2002] provide reviews of the transfer entropy 

measure.  

Much of the information theory literature is dedicated to neural networks and 

electrical engineering applications, [Bauer et al 2012; Barabasi et al 1999, Strogatz 

1991]. Few studies have used this method for hydrologic purposes. Ruddell and Kumar 

[2009] performed a study on a corn and soybean field using eddy covariance FluxNet 
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data that considered couplings between 12 atmospheric variables. They constructed a 

process network for characterizing the couplings during a time of drought and in a 

productive year to see how links break down. However, they only measured atmospheric 

variables in one location. This study will look at multidimensional variables in several 

locations. Singh [2013] gives a good introduction to information theory principles and 

their application in environmental engineering.  
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Chapter 3: Data and Methods 

1. WAX LAKE DELTA STUDY AREA 

Wax Lake Delta (WLD), seen in Figure 1, is located in coastal Louisiana, roughly 

140 kilometers southwest of New Orleans. The system is considered a “river-dominated” 

delta, fed by Wax Lake Outlet, a diversion of the Atchafalaya River. The Atchafalaya is a 

distributary of the Mississippi River that receives about 30% of the Mississippi River 

discharge annually [Allison and Meselhe, 2010]. The median discharge that enters WLD 

is around 3000 m
3
/s, which is about 30% of the Atchafalaya flow.  

WLD originated after a planned diversion on the Atchafalaya was performed by 

the Army Corps of Engineers in 1942. The diversion was constructed as a flood 

prevention tool for the nearby town of Morgan City, LA. The delta became subaerial in 

the 1970’s after a large flood event. Today the delta is about 100 km
2
. The system is 

considered depositional and prograding, moving towards the bay at a rate of two meters 

per year [Shaw et al, 2013]. The delta is building land as opposed to several other coastal 

areas in the United States that are experiencing land loss [Day Jr. et al, 2000]. Since 

WLD was created using a diversion, the delta provides the perfect study site to 

understand not only “healthy” deltaic systems, but also deltaic systems resulting from 

river diversions, which is one proposed method to instigate land building [Louisiana 

Master Plan, 2012].  

The delta consists of channels and inter-channel islands. The “islands” remain 

inundated for much of the year. The amount of inundation in the delta is highly variable, 
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depending on several factors such as river discharge, wind, and tides. The delta tends to 

experience large inflows in late spring/early summer due to snowmelt upstream that 

inundate much of the delta and lead to overbank flow onto the islands. Summer is 

characterized by intense vegetation on the islands while winter has much less vegetation 

(Figure 2). Quantification of environmental forcings on channel and island inundation is 

a key question given the dynamics of the system.  
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Figure 1: Image of Wax Lake Delta showing locations of instrumentation for the study. 

Imagery from ESRI, Digital Globe, GeoEye, i-cubed, USDS FSA, and USGS  
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Figure 2: Vegetation in summer (taken August 2014) and winter (taken February 2014) 

 

2. WAX LAKE DELTA INSTRUMENTATION 

 

i. Winter Channel Data 

Sensors were placed in the thalweg of three channels in the delta from November 

2013-February 2014 (Figure 1). Conductivity, Temperature, and Depth sensors (CTDs) 

took measurements of pressure every two minutes. The depth in meters (m) was then 

derived from this pressure (Figure 3). Additionally, an Optical Backscatter Point Sensor 

(OBS) was installed to record turbidity in Nephelometric Turbidity Units (ntu) (Figure 4), 

and also took measurements every two minutes. The OBS emits an infrared beam of light 

into the water column that reflects back after hitting suspended particles. The sensors 

were installed in the channel above the apex of WLD, in East Pass in the eastern most 

channel of the delta, and in Main Pass toward the bay side of the delta. Locations were 

chosen to obtain maximum spatial variability and get an approximation of conditions at 

the inlets and outlets of the delta. Another set of sensors was placed in Campground Pass, 

but these malfunctioned and the data was unusable. Additionally, the East Pass turbidity 
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sensor malfunctioned toward the end of instrument deployment, causing shorter time 

series of turbidities than depths at the channel locations. Table 1 gives some statistics of 

the data and environmental conditions for the time period analyzed.  

 
Figure 3: Time series of Apex, Main Pass, and East Pass depth time series. The first 100 

hours of data is shown. 

 

 

 

Figure 4: Time series of turbidity for the first 100 hours of data for the channel locations: 

Apex, Main Pass, and East Pass  

 

a. b. 



14 

 

Table 1: Statistics of winter channel data. The statistics of the turbidity data are for a 

shorter time series than the depths due to instrument error. The information for the 

depth, wind, discharge, and tide is from the entire duration of deployment of 

instruments. Winds were predominantly out of the Northeast during the 

deployment of the winter sensors.  

Variable Minimum Average Maximum Std Dev 

Apex Turb (ntu) 0 90.9 362.4 49.8 

Apex Depth (m) 15.68 16.13 16.47 0.15 

Main Turb (ntu) 0.13 94.12 871.4 80 

Main Depth (m) 1.61 2.1 2.61 0.18 

East Turb (ntu) 0.05 88.8 663.1 83.2 

East Depth (m) 1.87 2.36 2.87 0.19 

Wind Speed (m/s) 0 2.36 13.1 1.48 

Discharge (m
3
/s) 191.7 1986.2 3992.7 843.9 

Tides (m) -0.18 0.2538 0.57 0.16 

 

ii. Summer Island Data  

In the summer of 2014, six Solinst Levelogger Junior Edge (accuracy ±0.1%) 

instruments were installed on the tops of five islands and in one channel in WLD. The 

sensors took a pressure reading every six minutes of the water and air column and 

remained on the islands from May to August 2014. The data was converted to depth 

(Figure 5) after subtracting the air pressure.  The locations of the summer sensors, 

Campground, Sherman, Pintail, Mike, and Greg Island, along with Pintail Channel, were 

chosen to maximize spatial extent of the delta but were limited by accessibility to those 

sites. Additionally, Mike, Greg, and Pintail islands are locations of further study by other 

researchers.  The locations of the winter channel sensors and summer island sensors are 

shown in Figure 1. 
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Figure 5: Time series of water depths for the summer island data. The first 100 hours of 

data is shown. 

 
Table 2: Statistics of the sensors and environmental conditions for the summer island 

data. Winds were predominately blowing from the Southwest during the time of 

study. 

Variable Minimum Average Maximum Std Dev 

Mike (m) 0.2 0.59 1.02 0.17 

Campground (m) 0.17 0.46 0.9 0.14 

Sherman (m) 0.13 0.46 0.95 0.16 

Greg (m) 0 0.42 0.88 0.19 

Pintail Island (m) 0.09 0.49 0.93 0.16 

Pintail Channel (m) 0.05 0.52 0.94 0.17 

Wind Speed(m/s) 0 1.78 9.7 1.21 

Discharge(m3/s) 942.9 2973.3 4134.3 615.8 

Tides (m) -0.14 0.25 0.56 0.14 

 

iii. Environmental Data 

Measurements of river discharge were taken at the Wax Lake Outlet, located 17 

kilometers upstream of the delta, by the USGS (USGS 07381590 Wax Lake Outlet at 

Calumet, LA). Discharge is measured every 15 minutes. At the time of study, the USGS 



16 

 

gage is the best available data for river discharge entering the delta. Wind speed, wind 

direction, and predicted tide were obtained from the NOAA Tides and Current’s database 

[NOAA, 2014] for the station 8764227 LAWMA, Amerada Pass, located in the adjacent 

Atchafalaya Delta, situated 10 km east of the delta. The tidal signal used in analysis was 

the mean lower low water level. Winds and tides were downloaded at 6 minute intervals.  

3. INFORMATION THEORY ANALYSIS 

The Shannon Entropy is a measure of how much “uncertainty” is contained within 

the signal. The Shannon Entropy (H) is defined as: 

𝐻(𝑋) = −∑log[𝑝(𝑋𝑖)]

𝑁

𝑖=1

𝑝(𝑋𝑖) 

where p(Xi) is the probability of variable X taking on a certain value in observation i. 

Conversely, H also gives a measure of how much “information” is contained within the 

signal [Singh, 2013]. For example, a variable with a uniform distribution would have a 

probability density function (PDF) with equal probability of any value resulting in 

maximum entropy. Since information would flow from higher to lower entropy, it is 

expected that the “uniform distribution” signal would provide information to the lower 

entropy signals. As an example, consider two signals: a sine wave and a sine wave with 

noise that is lagged by 10 time steps (Figure 6). The sine wave has a higher Shannon 

Entropy value due to the sine wave containing less “uncertainty” than the sine wave with 

noise. Therefore, the sine wave would be expected to provide more information to the 

sine with noise. 
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Figure 6: Time series of a sine wave and a sine wave with noise that is lagged by 10 time 

steps. The Shannon Entropy values for the two signals are displayed in the top left 

corner of the figure.  

 

This definition of entropy is the basic principle used in establishing relationships between 

delta variables and environmental forcings, by calculating the mutual information (MI) 

and the transfer entropy (TE).  

The MI is calculated using the equation 

𝐼(𝑋𝑡, 𝑌𝑡) = ∑ 𝑙𝑜𝑔
𝑝(𝑥𝑡, 𝑦𝑡)

𝑝(𝑥𝑡)𝑝(𝑦𝑡)
𝑝(𝑥𝑡, 𝑦𝑡)

𝑥𝑡,𝑦𝑡

 

where p(xt,yt) is the joint probability between variables X and Y (e.g. a sine wave and a 

noisy sine wave) at time t. The MI uses the joint probability to measure shared or 

dependent information. Shared information is a symmetrical measure, and therefore has 

no directionality. Using Shannon Entropy the mutual information takes the form: 

𝐼(𝑠𝑥, 𝑠𝑦) = 𝐻𝑋𝑡(𝑠𝑥, 𝑠𝑦) + 𝐻𝑌𝑓(𝑠𝑥 , 𝑠𝑦) − 𝐻𝑋𝑡𝑌𝑓(𝑠𝑥, 𝑠𝑦) 

H(Sine)=3.438 

H(SineWithNoise)=3.260 
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where sx and sy are the two signals of interest in a particular coupling, HXt(sx,sy) is the 

Shannon Entropy of the first variable for that coupling (e.g. the sine wave), HYf(sx,sy) is 

the Shannon Entropy of the second variable (e.g. the noisy sine wave) of that coupling at 

a particular lag, τ, and HXtYf(sx,sy) is the joint Shannon Entropy of that coupling at a 

certain lag. This version of the shared information introduces a time lag (τ) to capture a 

characteristic time scale. The second variable (sy) is lagged behind the first one and a 

peak in MI would be expected at the lag in which two variables share the greatest 

information. The MI is calculated for each possible coupling for a specified number of 

lags. Many studies only report the zero-lag mutual information as a measure of the 

correlation between two variables. However, time lagged mutual information is presented 

here, as lagged MI gives some insight into the “memory” of forcing on delta variables.  

Using the example of the two sine waves, the MI captures the time lag of the two 

signals (Figure 7). The shared information reaches a maximum at lag 10 when the sine 

wave signal is lagged to the time when the sine and noisy signal are on top of one 

another. There is also a peak in the opposite direction (noisy sine on sine) at a later lag 

due to the periodicity of the two signals, which also causes the peaks to repeat as the lag 

increases. The amount, measured in bits, of the shared information is the same, since MI 

is a symmetrical measure.  
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Figure 7: Mutual information between the sine wave and the noisy sine wave for 100 

timesteps of lag. The line close to zero is the 95% confidence bound.  

 

 

The TE is found for a two-way coupling using the equation: 

𝑇(𝑋𝑡 > 𝑌𝑡, 𝜏) = ∑ log
𝑝(𝑦𝑡+𝜏|𝑦𝑡, 𝑥𝑡)

𝑝(𝑦𝑡+𝜏|𝑦𝑡)
𝑝(𝑦𝑡+𝜏, 𝑦𝑡 , 𝑥𝑡)

𝑦𝑡+𝜏𝑦𝑡,𝑥𝑡

 

where T(Xt>Yt,τ) is the transfer of information from X to Y (e.g. from sine to noisy sine), 

p(yt+τ,yt,xt) is the joint probability of variable y at time t+τ, variable y at time t and 

variable x at time t, p(yt+τ|yt,xt) is the conditional probability of yt+τ given the history of yt 

and xt, and p(yt+τ|yt) is the conditional probability of yt+τ on yt. The equation says that the 

transfer of information from X to Y is given by the uncertainty about Y knowing the past 

of Y subtracted by the uncertainty about Y knowing the past of both Y and X. The TE 

should increase when knowing the past of X decreases the uncertainty of Y that cannot be 

explained in the history of Y. Stated using the sine wave example, the uncertainty about 



20 

 

the noisy sine wave is expected to be reduced by having information on the sine wave 

without noise.  Using Shannon Entropy, TE takes the form:  

𝑇(𝑠𝑥, 𝑠𝑦) = 𝐻𝑋𝑡𝑌𝑤(𝑠𝑥, 𝑠𝑦) + 𝐻𝑌𝑤𝑌𝑓(𝑠𝑥, 𝑠𝑦) − 𝐻𝑌𝑤(𝑠𝑥, 𝑠𝑦) − 𝐻𝑋𝑡𝑌𝑤𝑌𝑓(𝑠𝑥, 𝑠𝑦) 

where T(sx,sy) is the transfer entropy for coupling sx,sy. Here Xt is considered the leading 

node (source) one time step in the past, Yw is the led node (sink) in the present, and Yf is 

the sink node one time step in the future.  Therefore, HXtYw(sx,sy) is the joint entropy of 

the source node (in this case Xt, from the notation used above) and the sink node (Yt), 

signifying the past of the source node X as providing information to the sink node Y. 

HYwYf(sx,sy) is the joint entropy of the source node with itself lagged, so knowing the 

past of Y provides information to Y. HYw(sx,sy) is the entropy of the sink node, 

conditioning the past of the source and sink nodes. Finally, HXtYwYf(sx,sy) is the joint 

entropy of the source and sink nodes at the lag of interest.  Since TE uses a conditional 

probability, there is directionality to the measure, and the equation is recalculated, 

switching the signals (Y>X) to get the transfer of information from Y to X (e.g. noisy 

sine wave to sine wave). TE uses time lag more implicitly, since the lag of the highest 

information transfer gives the characteristic timescale of information flow. Both MI and 

TE are also measured in bits of information.  

 In the sine wave example, the TE is calculated first with the sine wave as the 

source and the noisy sine as the sink (Sine>Noisy Sine). There is a peak in the TE at lags 

that are multiples of 10 when the sine wave provides information about the noisy sine 

wave (Figure 8). When the noisy sine is the source and the sine wave is the sink 
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(NoisySine>Sine), the noisy sine wave is still providing information to the regular sine 

wave, and at certain lags at a higher TE value than Sine>Noisy Sine but the TE is not 

always statistically significant, while the coupling of Sine>Noisy Sine remains significant 

for all time lags. The MI is higher than the TE due to the high joint probability between 

the two sine waves. If the sine was removed from the noisy signal, then the two signals 

would be independent and both the MI and TE would approach zero.  

 

   

 

Figure 8: Transfer entropy between the sine wave and the lagged noisy sine wave for 

both directional couplings at 100 hours of lag. 

 

The information theory statistics were calculated using a code developed by 

Ruddell and Kumar [2009]. The data input for the code are time series measured at the 

same time. The summer island data and winter channel data are run separately, with each 

having measurements of discharge, wind force, and predicted tide for the appropriate 
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time period. The code creates a PDF for each signal by using a fixed interval partitioning 

scheme. Each signal is then classified into a certain number of bins, with bins having 

equal width. The maximum entropy possible is then the log (base 2) of the number of 

bins used in the analysis. Ruddell and Kumar [2009] give the suggestion of 10-20 bins. 

Thirteen bins were chosen for this study, given the large amount of data available. The 

entropy is calculated for each variable using the PDF by counting the number of 

observations in each bin. The MI and TE are then measured for 100 hours of lag. An 

analysis of varying the number of bins is presented in the results (Chapter 4.5).  

Statistical significance for each directional coupling is calculated using a shuffled 

surrogate method [Sabesan et al, 2003].  All signals are shuffled in time and the 

information theory statistics are recalculated. A one-tailed z-score for 95% confidence 

gives the significance levels. The entropy statistics are output as a three dimensional 

matrix displaying the MI and TE for all possible couplings, for every lag specified. 

Results are then graphed with their significance bounds to see which directional 

couplings are statistically significant and at what time scale.  

While traditional correlation measurements could also be used to capture 

relationships, the MI and TE calculation are considered more robust in their use of the 

PDF. For example, the cross correlation between tide and island water levels captures the 

diurnal cycle by measuring peaks in correlation every 24 hours (Figure 9), but does not 

capture the other tidal frequencies that are present in the water level, such as the 

semidiurnal frequency and lesser tidal components. 
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Figure 9: Cross correlation between tide and island water levels. 

 

4. DATA PROCESSING 

The method of calculating information theory statistics allows for several options 

in how data are analyzed. This includes resolution of the data, filtering of the data, the 

type of binning scheme used, and the number of bins. In this study, all data were 

subsampled at 15 minute intervals using linear interpolation to match the 15-minute 

discharge data. This time scale was deemed sufficient to capture all underlying 

relationships of interest. Some gapfilling was also necessary for the wind data, at the six 

minute interval scale, and this was also accomplished using linear interpolation.  

To represent forcing from wind, the horizontal component of the wind (wind 

force) is used since it incorporates both wind speed (W) and wind direction (A). The 
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wind force is calculated as the negative wind speed multiplied by the cosine of the wind 

direction: -WCosA (Figure 10).  

 

Figure 10: Time series of the horizontal component of the wind force, -WCosA for the 

summer island study. The wind is split into two colors to show winds from the 

North (blue) and winds from the South (green). As mentioned previously, the 

winds during the summer months are predominately from the South. 

 

 

The frequencies contained within the signals become important when looking at 

the statistics of long term time series. As an example, the time series of water levels in 

Figure 5 appear to have periodic fluctuations that occur about every 24 hours. Looking at 

the frequency spectrum of the Mike Island time series and the tide time series from the 

summer (Figures 11a and 11b), and the Main Pass and tide time series from the winter 

(Figures 11c and 11d), there are strong  diurnal and semidiurnal components in the water 

level signal likely caused by tidal fluctuations.  
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Figure 11a: Frequency spectrum of the Mike Island time series from the summer data. 

(11b) Frequency spectrum of the tidal time series for the summer. (11c) 

Frequency spectrum of Main Pass depth from the winter data. (11d) Frequency 

spectrum of the tidal time series in winter. The abscissa is in cycles/day, meaning 

that “1 Cycle/Day” refers to a 24 hour period, 2 cycles/day a 12 hours period, etc. 
 

The goal of this analysis is to quantify environmental controls such as discharge, 

wind, and tides on deltaic variables such as water depth. Based on the strong diurnal and 

semidiurnal components in the water level time series, filtering the data was necessary to 

remove tidal fluctuations in order to better capture relationships between discharge, wind, 

and water levels. The water depths for the island and channel data were filtered using a 

a. 

c. 

b. 

d. 
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5
th

 order Butterworth filter, which is a signal processing filter designed to have as flat a 

frequency response as possible in the pass band [Butterworth, 1930]. The Butterworth is 

an auto-regressive moving average (ARMA) filter that generates filter coefficients that 

are convolved with the time series of interest to remove specified frequencies from the 

signal. To filter the water levels, a stop band filter was used where frequencies between 

0.75 and 2.5 cycles per day (periods of ~10 to 32 hours) were removed. The following 

equation is for the fifth order Butterworth.  

𝑦𝑡 = 𝑥𝑡 − 𝜑1𝑥𝑡−1 + 𝜑2𝑥𝑡−2 − 𝜑3𝑥𝑡−3 + 𝜑4𝑥𝑡−4 − 𝜑5𝑥𝑡−5 + 𝜃1𝑦𝑡−1 − 𝜃2𝑦𝑡−2 + 𝜃3𝑦𝑡−3
− 𝜃4𝑦𝑡−4 + 𝜃5 

 

where ϕ and θ are the coefficients generated by the filter, xt is the time series, and yt is the 

noise. The Butterworth uses time steps in the past to filter through the data. The results of 

the Butterworth filter show that the tidal fluctuations can be removed (Figure 12).  

 

Figure 12: Time series of Mike Island water level before (a) and after (b) filtering. 

 

a. b. 
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The wind force contains high frequency variations (Figure 10). To better capture 

relationships between wind and delta variables, the wind force was also filtered using a 

fifth order Butterworth filter, using a low pass filter to remove fluctuations that occur 

with a period of <32 hours (Figure 13). This filtering was performed for the island and 

channel wind time series.  

 

Figure 13: Time series of horizontal wind force for the summer island data before (a) and 

after (b) filtering. 

 

Chapter 4.1 will discuss the effect of filtering the wind in terms of entropy 

statistics. Chapters 4.2 to 4.4 will go through the results of the research questions 

introduced in the first chapter. The relationships between environmental controls and 

water depths on the islands and the channels will be shown with the tidal fluctuations 

included and removed, to see how couplings change in Chapter 4.2. Chapter 4.3 will look 

into the effect of river discharge partitioning into high and low flows to see if links 

change. The influence of environmental controls on channel turbidity will be discussed in 

Chapter 4.4. Finally, an analysis into the effect of the number of bins for the PDF 

a. b. 
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creation will be performed in Chapter 4.5. The codes developed to filter the data and plot 

the frequency spectrum are given in the appendix. 
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Chapter 4: Results 

1. EFFECT OF WIND FILTERING 

The MI values in the early hours of lag almost double after filtering the wind, 

jumping from ~0.4 to 0.7 bits (Figure 14). The increase in the normalized wind entropy 

led to an increase in mutual information, due to the increase in “information” in the 

filtered wind by removing fluctuations that have little effect on the water surface long 

term. The entropy is normalized by the maximum value of entropy, log2(13), where 13 is 

the number of bins used to create the PDFs.  Based on this analysis the filtered wind force 

was used for the rest of the study. Both directional couplings (Wind>Mike, Mike>Wind) 

display the same zero-lag mutual information, followed by very similar shapes for the 

rest of the lags, indicating the symmetry of the shared information. The MI plots shown 

in the following sections will display one coupling since the measure is symmetric. 
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Figure 14a: The mutual information between wind force, WCosA, and the Mike Island 

water level with tidal fluctuations removed. The normalized Shannon Entropy 

(Entropy/Max Entropy) for the wind is displayed below the legend. (14b) The 

mutual information between the filtered wind force, FWCosA, and the filtered 

Mike Island water level. The normalized Shannon Entropy for the filtered wind is 

displayed below the legend. 

 

 

2. RESEARCH QUESTION 1: WHAT IS THE DIFFERENCE IN FORCING 

BETWEEN ISLAND AND CHANNEL WATER LEVELS? 

Given that the island and channel datasets were measured at different times, 

comparisons among water levels in islands and channels are difficult. However, since 

each time period corresponds to its own set of environmental variables, comparisons can 

at least be made about the difference in response to forcing.  

i. Island Water Levels 

a. Mutual Information 

All MI couplings between discharge, tides, filtered wind force, and island depths 

with tidal fluctuations included and removed are considered statistically significant with 

95% confidence (Figure 15a-f). Campground Island shows the highest shared information 

H(WCosA)=0.692 H(FWCosA)=0.757 

 

a. b. 
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with discharge, at a value of ~0.25 bits for zero-lag MI (Figure 15a). Greg Island has the 

lowest shared information with the discharge, with a zero-lag MI value of ~0.18 bits. The 

other locations fall between Campground and Greg, with many of them overlapping. 

When the diurnal and semidiurnal frequencies are removed (Figure 15b) all locations 

show an increase in shared information with discharge. Campground Island still has the 

highest MI, at a zero-lag MI value of ~0.55 bits. Greg and Mike Island appear to have the 

lowest MI at a value of 0.4 bits. The MI values for all locations doubled after the tidal 

fluctuations were removed. As time lag increases, the MI does not change significantly 

for the data with tide included, and the values fluctuate very little. When the tide is 

removed (Figure 15b) MI values with discharge increase slightly as the lag increases, but 

start to decrease around 80 hours of lag.  

The MI between tide and island water levels (Figure 15c) fluctuates greatly as 

time lag increases compared to the MI between discharge and water level. Greg Island 

has the highest zero-lag MI value of 0.5 bits, while Campground Island has the lowest MI 

value of 0.38 bits. The MI quickly drops off as lag increases and then the shared 

information increases again at a lag of ~24 hours. The peaks are repeated about every 24 

hours but they decrease in magnitude. Greg Island has the highest MI value in all peaks, 

while Campground has the lowest. When the tidal fluctuations are removed MI for all 

locations drops to a steady value of ~0.1 bits (Figure 15d).  

Filtered wind force shares information with all locations, but quickly begins to 

decrease after a few hours of time lag. With the tidal fluctuations included (Figure 15e), 
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Campground shares the most information with wind at a value of ~0.4 bits for zero-lag 

MI. Greg appears to show the least amount of MI with tide, at a value of 0.35 bits. The 

MI gradually decreases as lag increases, reaching a steady value of ~0.1 bits. When the 

tidal fluctuations are removed (Figure 15f) zero-lag shared information with wind almost 

doubles, with all locations having an MI value of ~0.7 bits. The decline of MI is much 

steeper after the early lags, and the MI decreases to a value of ~0.2 bits at 100 hours of 

lag.  

Normalized entropy (fourth column in Table 3) varies based on location, with 

Greg Island, the most downstream location, having a 12% increase in entropy after tide 

removal, followed by Mike Island, Sherman Island, Pintail Island, and Pintail Channel. 

Campground Island, the most upstream location, had the least amount of change in 

entropy, with -0.4% change. The tide had the highest amount of entropy, with 0.91, 

followed by discharge with 0.78, and filtered wind, with 0.76. 
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Figure 15a-d: The mutual information between discharge, tides, and island water levels 

before and after filtering, with the legend at the bottom. Lags were measured up to 

100 hours. The coupling of forcing on water level is displayed to represent the 

relationship for both directional couplings due the symmetry of the MI. The figure 

is continued on the next page. 

 

a. 

d. c. 

b. 
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Figure 15e-f (continued): The mutual information between filtered wind force and island 

water levels before and after filtering, with the legend at the bottom. Lags were 

measured up to 100 hours. The coupling of forcing on water level is displayed to 

represent the relationship for both directional couplings due the symmetry of the 

MI. 

 

 

 

Table 3: Normalized entropy values for all variables before (column 2) and after (column 

3) filtering the water level for the summer island data.  

Variable Before Filter E/MaxE After Filter E/MaxE % Change 

Mike 0.932 0.866 7.078 

Campground 0.898 0.902 -0.463 

Sherman 0.909 0.862 5.130 

Greg 0.944 0.829 12.248 

Pintail Island 0.898 0.868 3.354 

Pintail Channel 0.893 0.867 2.939 

Tide 0.916 0.916 0.000 

FWCosA 0.756 0.756 0.000 

Discharge 0.778 0.778 0.000 

 

 

 

 

 

f. e. 
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b. Transfer Entropy 

The transfer entropy for all locations was found to be statistically insignificant for 

all couplings. The TE results for Campground and Greg Island are shown below. The 

results for the other locations are given in the appendix.  

For 100 hours of lag, neither coupling of discharge forcing on Campground 

(Flow>CG) or Campground forcing on discharge (CG>Flow) displays any significant 

information flow (Figure 16a). When Campground water level is filtered (Figure 16c) the 

coupling of FCG>Flow increases slightly but no relationships are significant. Similar 

results are seen for the couplings between discharge and Greg, both filtered (Figure 16b) 

and unfiltered (Figure 16d).  

The transfer entropy between tide and water level for unfiltered Campground and  

Greg Island (Figure 17 a and b) shows many oscillations as lag increases. The TE 

between tide and Greg (and Greg and tide) is higher than that for tide and Campground, 

though both are statistically insignificant. When the water levels are filtered (Figure 17c 

and d), the oscillation in the TE disappears and TE occurs at a lower value. The filtered 

water levels are still insignificant for both locations with tide.  

The effect of filtering the water levels causes the coupling of FWCosA>Water Level 

for both locations to increase slightly (Figure 18c and d), but the couplings are still far 

below their confidence bounds for both directional couplings.  
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Figure 16a-d: Transfer entropy results for Campground (CG) and Greg Island against 

discharge forcing for 100 hours of lag. (16a) The TE between discharge and 

Campground Island. (16b) TE between discharge and Greg Island. (16c) TE 

between discharge and Campground Island with tidal fluctuations removed 

(FCG). (16d) TE between discharge and filtered Greg Island water level (FGreg). 

a. 

d. c. 

b. 
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Figure 17a-d: Transfer entropy results for Campground (CG) and Greg Island against tide 

forcing for 100 hours of lag. (17a) The TE between tide and Campground Island. 

(17b) TE between tide and Greg Island. (17c) TE between tide and Campground 

Island with tidal fluctuations removed (FCG). (17d) TE between tide and filtered 

Greg Island water level (FGreg). 

a. 

d. c. 

b. 
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Figure 18a-d: Transfer entropy results for Campground (CG) and Greg Island against 

filtered wind forcing for 100 hours of lag. (18a) The TE between filtered wind 

and Campground Island. (18b) TE between wind and Greg Island. (18c) TE 

between wind and Campground Island with tidal fluctuations removed (FCG). 

(18d) TE between wind and filtered Greg Island water level (FGreg). 

d. c. 

a. b. 
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ii. Channel Water Levels 

a. Mutual Information 

The Apex Depth has the highest amount of shared information with the discharge, 

with a zero-lag MI value of 0.5 bits (Figure 19a). East and Main Pass depth have similar 

zero-lag MI values, at a value of 0.45 bits, but the MI values for all quickly decrease after 

~10 hours of lag to oscillate around values of 0.4 bits for the Apex and 0.2 bits for East 

and Main Pass. When filtered, there is not as much dramatic change in the MI as seen 

with the island water levels (Figure 19b). The Apex location sees very little change in 

MI, other than a drop in the zero-lag MI value. East and Main Pass MI values increase to 

values of about 0.3 bits.  

 East Pass has the highest zero-lag shared information with the tide, followed by 

Main Pass, and then Apex (Figure 19c). As the lag increases, peaks occur every 24 hours, 

with lesser peaks in between. The magnitude of the peaks decrease as lag increases. East 

and Main continue to have the highest MI as lag increases, followed by Apex. Once 

filtered (Figure 19d), all relationships collapse to a similar MI value of ~0.1 bits.  

 Apex depth has the higher zero-lag MI value with filtered wind when the data are 

unfiltered (Figure 19e). However, once filtered (Figure 19f), East and Main depths shared 

information with wind doubles while the Apex location sees a slight increase in MI. As 

seen on the islands (Figure 15e), wind information sharing begins to decrease after a few 

hours of lag, with steeper decreases once the depths are filtered (Figure 15f). 



40 

 

 After filtering, the normalized entropy percent change for the channel depths 

varies from 6% at the Apex to 10 and 12% at Main and East Pass (fourth column of Table 

4). All locations decreased in entropy after filtering. As with the islands, tide has the 

highest normalized entropy value, at 0.91. Discharge and wind have higher entropies here 

than with the island dataset, at values of 0.899 and 0.881.  
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Figure 19a-d: The mutual information between discharge, tides, and channel water levels 

before and after filtering, with the legend at the bottom. Lags were measured up to 

100 hours. The coupling of forcing on water level is displayed to represent the 

relationship for both directional couplings due the symmetry of the MI. The figure 

is continued on the next page. 

a. 

d. c. 

b. 
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Figure 19e-f (continued): The mutual information between filtered wind force and 

channel water levels before and after filtering, with the legend at the bottom. Lags 

were measured up to 100 hours. The coupling of forcing on water level is 

displayed to represent the relationship for both directional couplings due the 

symmetry of the MI. 

 

 

Table 4: Normalized entropy of the channel variables before (column 2) and after 

(column 3) filtering. 

Variable Before Filter E/MaxE After Filter E/MaxE % Change 

Apex Depth 0.889 0.829 6.658 

Main Depth 0.894 0.798 10.675 

East Depth 0.896 0.783 12.597 

Tide 0.911 0.911 0.000 

FWCosA 0.881 0.881 0.000 

Discharge 0.899 0.899 0.000 

 

 

 

 

f. e. 
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b. Transfer Entropy 

Similar to the island water level, there were no statistically significant TE 

couplings with Apex or Main channel depths (Figure 20-22).  The transfer entropy results 

for the East Pass data are given in the appendix.  

While no relationships are significant for Apex or Main, the effect of filtering 

does not change the coupling of Flow>Channel Depth for either location. The coupling of 

Channel Depth>Flow does increase slightly but the values are far below the confidence 

bounds. The confidence bounds do decrease, however, after the Main Pass depth is 

filtered (Figure 20d). 

The TE between tide and channel depths (Figures 21a and b) shows oscillations as 

tide did on the islands. Main Pass, the most downstream location, shows the higher TE 

values over Apex, though both are insignificant. When filtered (Figures 21c and d), the 

couplings in either direction (tide>depth, depth>tide) for both Apex and Main Pass occur 

at TE values of 0.03 bits, and both are insignificant. The confidence bounds for the 

couplings between tide and Main Pass (Figure 21d) decrease after Main Pass is filtered.  

The filtered wind couplings with channel depth do not show any significant 

transfer entropy at any channel location for either directional coupling (Figure 22. The 

confidence bounds do decrease for Main Pass depth and wind after depth is filtered 

(Figure 22d).  
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a. 

d. c. 

b. 

Figure 20a-d: Transfer entropy results for Apex and Main Pass against discharge 

forcing for 100 hours of lag. (20a) The TE between discharge and Apex. (20b) 

TE between discharge and Main Pass depth. (20c) TE between discharge and 

Apex depth with tidal fluctuations removed (FApex). (20d) TE between 

discharge and filtered Main Pass water level (FMain). 
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c. d. 

Figure 21a-d: Transfer entropy results for Apex and Main Pass against tidal forcing 

for 100 hours of lag. (21a) The TE between tide and Apex. (21b) TE between 

tide and Main Pass depth. (21c) TE between tide and Apex depth with tidal 

fluctuations removed (FApex). (21d) TE between tide and filtered Main Pass 

water level (FMain). 

a. 
b. 
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d. c. 

Figure 22a-d: Transfer entropy results for Apex and Main Pass against filtered wind 

forcing for 100 hours of lag. (22a) The TE between wind and Apex. (22b) TE 

between wind and Main Pass depth. (22c) TE between wind and Apex depth 

with tidal fluctuations removed (FApex). (22d) TE between wind and filtered 

Main Pass water level (FMain).  

a. b. 
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3. RESEARCH QUESTION 2: HOW DO COUPLINGS CHANGE WHEN 

CONSIDERING HIGH AND LOW FLOW DISCHARGE CONDITIONS? 

The delta experiences river discharges ranging from less than 500 m
3
/s to greater 

than 4000 m
3
/s, with lower discharges tending to occur in the winter months and high 

discharges occurring in the spring when snowmelt leads to increased river flow. A 

question of interest is then how do couplings change when discharge is above or below 

median. The median discharge in WLD is 3000 m
3
/s (Figure 23).   

 

Figure 23: River discharge, measured at Wax Lake Outlet, during the summer water level 

logger deployment. The green dashed line is the annual median discharge. 

 

The time series of water depths on the islands and environmental forcings were 

partitioned into the time period with discharge above median (high flow) and the time 

period of discharge below median (low flow). Entropy statistics were recalculated for the 

two time periods. Transfer entropy results are not shown due to statistical insignificance. 

This analysis was not performed on the channel data since there was not enough data to 

look at both high and low flow scenarios.  



48 

 

Since filtered water levels show no relationship with tide, the MI between tide and 

water levels was calculated with unfiltered depths for the high and low flow conditions. 

The MI values are higher during the period of low flows (Figure 24b) but both MI for 

high and low flows display the peaks seen when the data is not split. During high flows 

all locations show very similar MI values with tide. In the low flow condition, Greg and 

Pintail Channel show higher shared information with tide, especially in the peaks. The 

peaks occur about every 24 hours with less peaks in between for both the high and low 

flow conditions. However, the magnitude of peaks decreased more rapidly in the low 

flow condition than in the high flow condition.  

The shared information between discharge and filtered island water levels 

(Figures 25a and b) changes very little between periods of high and low flows. 

Campground appears to have very slightly higher MI during high flows, while Mike has 

the lowest. During the period of low discharge, these differences are less discernible.  

Filtered wind force shares more information with filtered island depths during the 

period of high flows (Figures 25c and d). Pintail Island has the highest zero-lag MI value 

with wind during high flows, but all locations are very close with values of 0.6 bits. 

During low flows the highest zero-lag MI values fall around 0.5 bits, and Campground 

Island has the highest amount of shared information in this time. Similar to the original 

data, shared wind information decreases steadily after a few hours of time lag.  
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Figure 24: Mutual information results for unfiltered island depths and tides during high 

(a) and low (b) river flow. 

 

a. b. 
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Figure 25: Mutual information results of filtered island water levels, discharge, and 

filtered wind during high (a,c) and low (b,d) river flow. 

 

 

 

 

 

 

 

 

 

 

a. 

d. c. 

b. 
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4. RESEARCH QUESTION 3: WHAT CONCLUSIONS CAN BE MADE ABOUT 

SEDIMENT DISTRIBUTION IN THE DELTA USING CHANNEL 

TURBIDITY AS A PROXY?  

 

a. Mutual Information 

Apex has the highest zero-lag MI with discharge, at 0.6 bits, followed by Main 

turbidity at 0.5 bits, and East turbidity at 0.2 bits (Figure 26a). After the early lags, Apex 

and Main turbidity share information with discharge at values that fluctuate between 0.4 

and 0.5. There are small peaks in the MI with discharge that occur about every 24 hours. 

East Pass turbidity is consistently lower after zero-lag, at around 0.1 bits.  

Apex and East turbidity share more information at zero-lag with tide than Main 

Pass turbidity (Figure 26b). Apex turbidity has greater oscillations with tide than the 

other two location, moving between 0.1 to 0.4 bits of information. Main turbidity 

fluctuates the least with tide, staying below 0.2 bits of information. The shared 

information between filtered wind and channel turbidities has the most consistent shape. 

Apex has the highest MI with wind, occurring around 0.2 bits. East and Main Pass 

turbidities have MI values around 0.15 bits for all lags.    

The normalized entropy values show smaller entropies for the turbidities at Apex, 

Main, and East Pass compared to the depths at those locations (Table 5). Apex turbidity 

has the highest Shannon Entropy value at 0.743, followed by East turbidity at 0.618, and 

finally Main turbidity at 0.427. For this shortened time series of environmental variables 

(due to the malfunction of the East Pass OBS) filtered wind has the highest entropy at 

0.922, followed by tide at 0.907, and discharge at 0.815.  
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Figure 26a-b: Mutual information of discharge and tides, with channel turbidities. The 

figure is continued on the next page 

a. 

b. 
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Figure 26c (continued): Mutual information of filtered wind force with channel 

turbidities. 

 

Table 5: Normalized entropy values of channel turbidities, tide, filtered wind, and 

discharge 

Variable E/MaxE 

Apex Turbidity 0.743 

Main Turbidity 0.427 

East Turbidity 0.618 

Tide 0.907 

FWcosA 0.922 

Discharge 0.815 

 

b. Transfer Entropy 

The information transfer is plotted as (Environment>Turbidity) in order to better 

compare locations, since the couplings in the other direction (Turbidity>Environment) 

were statistically insignificant for all relationships at all lags (Figure 27a-c).  

c. 



54 

 

 Statistically significant information transfer of discharge on Apex turbidity occurs 

across timescales at all lags, at a value of 0.15 bits (Figure 27a). Discharge does not show 

any significant TE to East turbidity for any lag, while there is significant (meaning 

statistical significance) information flow from discharge to Main turbidity but it occurs at 

a lower value of TE than Apex, at 0.06 bits. This TE is again significant across timescales 

at all lags.  

 Tide does not transfer any information to Apex turbidity, nor East turbidity 

(Figure 27b). Information is transferred from tide to Main turbidity but this occurs at 

various time lags and does not stay statistically significant for any significant amount of 

time. This transfer occurs around a TE value of 0.5 bits.  

 Filtered wind force passes significant information onto Apex turbidity across all 

time scales (Figure 27c). Information transfer from wind to East turbidity is not 

significant for any time lag. Main turbidity does capture significant information transfer 

from wind, but this occurs at a lower value than the transfer to Apex turbidity and varies 

across time lags, with no consistent pattern.  
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Figure 27a-b: Transfer Entropy results for discharge and tidal forcing on channel 

turbidities. The couplings of (Environment>Turbidity) are plotted together for all 

locations since the couplings in the opposite direction (Turbidity>Environment) 

were statistically insignificant for all lags. The figure is continued on the next 

page. 

 

a. 

b. 
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Figure 27c (continued): Transfer Entropy results for filtered wind forcing on channel 

turbidities. The couplings of (Environment>Turbidity) are plotted together for all 

locations since the couplings in the opposite direction (Turbidity>Environment) 

were statistically insignificant for all lags.  

 

5. Bin Analysis 

The number of bins can have a strong effect on the results. To better quantify this 

effect the informational entropy statistics for the summer data were recalculated using 10, 

13, 15, and 26 bins. The normalized Shannon entropy of filtered Campground Island 

depth, filtered Greg Island depth, tide, wind force (unfiltered) and discharge, increases as 

the number of bins increases (Table 6). As the number of bins increases, the probability 

of entering into any one bin decreases and the PDF begins to flatten out (Figure 28). This 

leads to increased entropy as the PDF approaches a uniform distribution. 

There appears to be a tradeoff in choosing the number of bins. While having more 

bins would certainly be more helpful in approaching a more accurate distribution of the 

data, this becomes problematic if there is a limit to the number of data available. Also, 

c. 



57 

 

increasing the number of bins may work better with more uncertain data, as seen for the 

wind and discharge when the number of bins increases from 13 to 26, but there was very 

little difference in the 13 and 26 bin entropy values for  filtered Campground (F-

Campground),  filtered Greg (F-Greg), and tide. Tide especially is so periodic that 

doubling the number of bins only increased the entropy slightly. Based on this, the choice 

of 13 bins works for this study.  

Table 6: Normalized entropy values for filtered Campground Island depth, filtered Greg 

Island depth, tide, WCosA, and discharge for four different binning numbers: 10, 

13, 15, and 26 bins. 

Bins F-Campground F-Greg Tide WCosA Discharge Max E 

10 0.865 0.800 0.912 0.660 0.670 3.322 

13 0.878 0.818 0.922 0.692 0.687 3.700 

15 0.882 0.825 0.921 0.704 0.702 3.907 

26 0.920 0.861 0.928 0.743 0.819 4.700 
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Figure 28a-d: Probability density functions (PDFs) for the filtered Campground Island 

water level location using 10 (a), 13 (b), 15 (c), and 26 (d) bins.

d. 

a. 

c. 

b. 
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Chapter 5: Discussion 

Visualizations of the time series data suggest couplings exist with environmental 

variables. For example, the water depths in Figure 5 display a periodicity likely arising 

from tides. Information theory provides a means of quantifying those couplings and 

revealing underlying relationships that are not immediately visible. The data processing 

steps become important here, since the effects of filtering (Figure 12 and 13), binning 

(Figure 28), and data resolution were seen throughout the results (e.g. Figure 14). While 

finer resolution data might reveal more exact couplings, the 15 minute resolution data 

ensured that discharge could be incorporated as a variable without upsampling. The 

number of bins (and also the fixed interval partitioning scheme) play a large role in the 

entropy statistics. Since continuous functions for the data are not available, the histogram 

of the data serves as the bridge between the time series and its informational entropy. The 

filtering of the data is of interest here; with this methodology filtering leads to quantified 

“increased information” or “decreased information” about a signal depending on what is 

captured in the statistics. Once the intricacies of information theory are established, 

robust conclusions can then be made about deltaic systems.  

1. RESEARCH QUESTION 1: WHAT IS THE DIFFERENCE IN FORCING 

BETWEEN ISLAND AND CHANNEL WATER LEVLS? 

The results shown in the previous chapter highlight the difference between islands 

and channels in WLD, the difference between locations in the delta, and differences 

between forcings in distinct time periods. Tidal forcing appears to be stronger on island 

inundation than channel inundation (Figures 15 and 19). While the removal of the diurnal 
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and semidiurnal frequencies resulted in a larger change of entropy for the channel depths 

(Table 4), this higher change did not manifest itself in the mutual information statistics 

(Figure 19). The shared information between discharge, wind forcing, and island depths 

almost doubled after the tidal frequencies were removed (Figures 15b and f). The shared 

information between discharge, wind, and channel depths did not change as greatly. The 

greater change in entropy for the channels could occur because the tidal frequency 

components were higher in the winter data than the summer data (Figure 11). Main and 

East Pass are also much closer to the bay in the South than the other locations, but the 

entropy statistics do not show higher tidal relationships for those locations compared to 

the islands.  

Tidal forcing may have less quantifiable effect on channel inundation, but its 

influence is still felt far upstream in the delta since Apex water depth, the deepest of the 

three locations, shows significant shared information with the tide despite its location 5 

kilometers upstream of the bay (Figure 19c). This means that the Apex location contains 

strong enough diurnal and semidiurnal frequencies to be captured by the MI statistic. 

However, the entropy statistics are also able to distinguish forcing strength by location. 

Apex and tide do have significant shared information, but not as strong as Main and East 

Pass, located much closer to the bay. Apex, Main, and East Pass data can be compared 

because even though the Apex location is much deeper, the PDF does not distinguish that 

it is deeper, only that it fluctuates.  
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The spatial distinction between locations and forcings is also captured in the 

islands, where Campground Island, the most upstream location, has the lowest shared 

information with tide, while Greg Island, the most downstream location, has the highest 

MI with tide (Figure 15c). This order is reversed when considering the shared 

information with discharge, since discharge shares the most information with 

Campground, followed by Pintail Channel, Sherman, Pintail Island, Mike, and Greg 

Island (Figure 15a). Whether the tide is included or removed from the signals, this order 

is the same. Pintail Channel is downstream of Sherman Island, but has higher MI with 

discharge, meaning that after a certain distance downstream, channels dominate islands 

for discharge forcing, as tidal forcing increases. This has important implications for 

future development of wetlands or diversions where river discharge is a very dominant 

force, but tidal forcing becomes increasingly important on island tops.  

Wind forcing is also affected by tide removal from the water level signals but the 

difference is less pronounced in the channels than it is on the islands. Since channels are 

deeper, the lowered wind forcing is expected. There are also spatial differences between 

the MI and locations on the islands and the channel. On the islands, Campground shows 

the most MI with wind (Figure 15e), while on the channels East and Main show higher 

MI than Apex (Figure 19e). This is interesting because winds are mostly from the South 

in the summer but the most upstream location (Campground Island) shows the higher 

shared information. In the channels, winds were mostly from the North in the winter, and 

East and Main, the most downstream locations show higher MI. However, Apex likely 
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shows lower MI because it is much deeper. On the islands, tidal forcing is dampening 

wind and water level MI, since once the tidal signals are removed, the differences in 

location largely disappear (Figure 15f).  

The shape of the MI plots reveals much about the mechanism of forcing, on the 

islands and in the channels. The discharge shared information for channels and islands 

appears mainly as a straight line across time lags, with some variation (Figures 15a and 

19a). The tidal MI shows much fluctuation, with peaks occurring about every 24 hours 

and lesser peaks in between (Figure 15c and 19c). The wind force starts are a high 

number and then steadily declines (Figures 15e and 19e). These shapes indicate that 

discharge is a constant force, even at 100 hours of lag. The tidal forcing peaks when 

water levels and tides are in phase, hence the peaks every 24 hours. The lesser peaks 

correspond to when the diurnal and semidiurnal peaks line up. The tidal MI decreases as 

lag increases because tidal signals and water levels are becoming more out of phase with 

each other due to spring and neap tides. The presence of the peaks also indicates that 

periodic frequencies are in the water level signal. The wind shows high MI in the first 

few hours of lag then steadily decreases to a constant low value. This makes sense 

because it means wind influence does not extend beyond a few hours of lag. The wind 

forcing is also the most strongly affected by removal of the tidal signals, indicating the 

importance of wind as an underlying force, especially on island tops, where lower depths 

occur. Previous studies have shown wind can influence surface waves and cause 

significant set ups and draw downs in the water level [Geleynse et al, 2015]. Winds 
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coming from the South coupled with high tide as seen on the islands in the summer 

months would significantly influence the depth.  

The transfer entropy statistics were not significant for any couplings of forcing on 

water level (Figures 16-18, 20-22). For discharge and tide on water level this is likely 

because discharge, tide, and water level are hydrologic variables and they simply share 

information rather than transfer it. According to the distinction made by Ruddell and 

Kumar (2009), these processes are synchronized with each other.  There was also no 

significant transfer entropy for wind on water level for the islands or the channels. Wind 

was not expected to be a significant force in the channels due to the higher depth. Wind 

on island depth was expected to show significant transfer entropy. The entropy values 

show that wind information is less than depth information, so that coupling is not 

captured with the transfer entropy (Tables 3 and 4). Further filtering of wind, to capture a 

front time scale of a few days, may increase the wind entropy enough to see information 

transfer.  

2. RESEARCH QUESTION 2: HOW DO COUPLINGS CHANGE WHEN 

CONSIDERING HIGH AND LOW FLOW DISCHARGE CONDITIONS? 

The summer deployment of sensors was able to capture the spring floods when 

there is increased discharge and the end of summer flows as they begin to decrease 

heading towards winter low flows. Since the analysis found that discharge has such a 

constant forcing, and because there was enough data available, the time series was split 

into discharge above median (high flow) and discharge below median (low flow). The 

spring floods are thought to bring a lot of sediment and water onto islands due to 
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overbank flooding. More than just the high and low discharge, the state of the other 

environmental variables during this time is equally important.  

The relationship with tide in high and low flows was run with the tide included in 

the data, otherwise there would not have been any coupling. The shared information with 

tide was higher for all locations during times of low flow (Figure 24b). This agrees with 

the winter channel data, since the channel depths saw greater entropy change when tides 

were removed. On the islands there were also more fluctuations in the mutual information 

with the tidal signal when discharge was low, indicating a stronger relationship with 

semidiurnal and lesser tides than during high flows. However, it is also possible that 

those components of the tide were just not as strong during high flows.  

With the tidal fluctuations removed from the depths, the island water levels were 

run with discharge and wind in high and low flows. The mutual information with the 

discharge did not change between high and low flows, further confirming that discharge 

is a constant forcing presence, regardless of flow magnitude, in this river-dominated delta 

(Figure 25). The shared information with wind forcing was higher during the high 

discharge condition, for all locations. The wind time series reveal that winds are more 

consistent from the South in the beginning of the time series, during high flows, but 

become more varied by direction as discharge decreases. This is likely the reason for the 

higher shared information during high flows. This analysis showed that relationships do 

change depending on the time period, and gives some direction to future studies in 

distinct time periods, such as during storm events.  
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3. RESEARCH QUESTION 3: WHAT CONCLUSIONS CAN BE MADE ABOUT 

SEDIMENT DISTRIBUTION USING TURBIDITY AS A PROXY AT 

VARIOUS LOCATIONS IN A DELTA? 

The argument that discharge and tide do not show transfer entropy on water level 

because both are hydrologic is strengthened by the turbidity data, which does show 

significant transfer entropy and shared information. Again there are spatial differences in 

response to forcing for turbidity. The mutual information between discharge and 

turbidities in the channels reveal a much higher MI for Apex and Main than East Pass 

that extends across time lags (Figure 26). East and Apex have a higher zero-lag MI with 

tide than Main Pass, even though Main Pass is the most downstream. There are peaks in 

the MI for tide and turbidity couplings but they do not repeat with the same frequency 

that tide on water levels did. While all locations have similar MI values with tide, Apex 

turbidity shows higher MI values across time lags. Apex also has higher MI values with 

wind, and Main and East have very similar turbidity values.  

The shapes of the MI plots for turbidity and forcings shows a different type of 

forcing for turbidity compared to depth. The discharge does not decay over time, but 

shows peaks occurring every 24 hours of lag, indicating there is some periodicity 

between discharge and turbidity (Figure 26a). The tidal forcing shows peaks but they do 

not occur at regular intervals, indicating there is less periodic tidal forcing on turbidity 

than on depth (Figure 26b). Wind forcing does not decay for turbidity but is consistently 

a low MI value, indicating a constant sharing of information or that wind always affects 

turbidity, likely because it affects water depth (Figure 26c).  
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The transfer entropy results (Figure 27) provide the greatest evidence of spatial 

gradients in response to forcing within the delta. Discharge shows significant information 

transfer to Apex turbidity for all time scales. Discharge also shows significant 

information transfer to Main Pass turbidity for all time scales but occurs at a TE value 

that is one half the TE value of discharge>Apex. The couplings for discharge>Apex or 

discharge>Main never drop below the 95% significance level, meaning discharge is a 

constant force in turbidity fluctuations. Turbidities are measured at the bottom of the 

channel and therefore consist of sediment and organics. Previous work by Shaw et al. 

[2013] shows that East Pass receives less discharge and sediment than other channels in 

the delta. This is consistent with our finding that East Pass turbidity shows no significant 

information transfer from discharge.  

There is no significant information transfer between tide and Apex or tide and 

East Pass. Main Pass shows some transfer entropy from tide, but this does not occur at 

regular intervals nor does it cross the significance line by any large amount. Since Main 

is located very close to the Bay it likely receives some influence on turbidity from tide, 

compared to Apex which at 17m depth and 5 km upstream is likely not to receive any 

information transfer from tide. There is shared information but this metric is not a 

measure of causation, while transfer entropy is.  

The filtered wind force shows significant transfer entropy on Apex turbidity 

across all time scales. Wind does not have any significant forcing on East turbidity while 

Main Pass shows some significant transfer from wind, but at a lower value than 
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Wind>Apex and for less time. Since winds are mostly from the north in this analysis, and 

discharge is below median flow for most of the study, the presence of wind forcing on 

turbidity makes sense if the horizontal wind force could be causing vertical mixing of 

water, leading to turbidity values measured in the water column.  
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Chapter 6: Conclusions and Future Work 

From an entropy perspective, uncertainty is inherent in all signals, including water 

depths and turbidities on the delta. Using information theory, the uncertainty about these 

variables is reduced by quantifying relationships of river discharge, wind, and tides with 

depth and turbidity that revealed mechanisms of forcing and spatial variability. Discharge 

exerts significant control upstream, with decreasing influence downstream. Tides are 

increasingly influential downstream. Wind forcing was better quantified through this 

method and varies across space and time. 

This analysis shows that information theory can be used to measure couplings 

between hydrologic variables. The method is able to compare not only multiple forcings 

for one location, but can also compare multiple locations with multiple forcings. 

Information theory statistics were dependent on the binning and data processing, but were 

used to reveal significant information about the connectivity between islands and 

channels.  

The results of this work were a first step in the construction of a process network. 

The future of this research is to include additional variables, such as nutrient 

concentrations and temperature. Since field data is limited by access to the site and 

instrumentation, a mix of field work and numerical modeling will produce additional 

data, such as time series of sediment concentrations at more locations across the delta. A 

time series of discharge that is actually closer to the delta apex would also be beneficial.  
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The entropy statistics will be explored more in depth. Alternative binning 

schemes will be investigated, to see if fixed interval binning is the best means to 

represent hydrologic data. More effort will also be put into linking entropy statistics with 

physical processes, such as advection. Finally, further filtering will be done to capture 

couplings at different time scales, such as the front scale between wind and water level.  
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Appendix A: Codes Used for Filtering 

The codes developed in Matlab to filter the data and plot the frequency spectrum 

are given below. 

Code 1: Filtering the data.  

function [lp] = DeTide( Loc,dt,time,subtime) 
%DeTide removes the tide from a water level or wind signal 
%   Remove frequencies by using a butterworth filter, setting the 
%   stop band as the frequencies you want to remove, in this case    
%   the dirunal and semidurnal frequencies occuring at periods 12 and 

%24 hours 

  
%"Loc" is the variable you want to de-tide, "dt" is the time between 

each 
%sample, and time and subtime are the original and new time steps 
%First input time series of interest and resample (if necessary) to get 

to 
%12 min interval data 
Loc_series=timeseries(Loc,time); 
Loc_sub=resample(Loc_series,subtime); 
LocSub=Loc_sub.data; 

Fn=((1/(dt/1440))/2); 

%Set Wn1 and Wn2 to the frequencies you want removed, 
%based on the sample rate 
Wn1=0.2/Fn; 
Wn2=2.5/Fn; 
[b,a]=butter(5,[Wn1 Wn2],'stop'); 
%output is lp: time series with frequencies removed removed 

lp=filtfilt(b,a,LocSub); 
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Code 2: Plotting the frequency spectrum 

%Plotting frequency spectrum 
%Load data (WaxLakeSummer2014) 
%Cut time series to make length an even number 
%Detrend time series 
%"Loc" is whatever location is of interest 
Loc=detrend(Loc); 

 
%Take DFT 
X_Loc=fft(Loc); 
N=length(Loc); 

  
%calculate and plot the spectrum 
S_Loc=(2/(N.^2))*(abs(X_Loc).^2); 
%Only concerned with 0 to Nyquist 
S_Loc=S_Loc(1:(N/2)+1); 

 
%Now convert xaxis of spectrum to frequency or period 
%dt is sample interval, can be set as 6min, 0.1hrs, 0.00417days etc. 
dt1=0.25; 
m=[1:1:(N/2)+1]; 
Step1=(m-1)/(N*dt1); 

  
%Change dt2 for sampling interval for minutes 
dt2=15/1440; 
Step2=(m-1)/(N*dt2); 

  
figure; hold on; set(gca,'FontSize',12); 

set(gca,'FontName','Times');set(gcf,'units','inches','Position',[0.5 

0.5 2.96 2.39]);  
plot(Step2,S_Loc,'r'); 
ylabel('Spectrum of Mike Depth'); 
xlabel('Frequency in Cycles/Day'); 
axis([0 3 0 0.015]); 
hold off 
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Appendix B: Transfer Entropy Results for Island and Channel Depth 

 

 

 

 

 

Figure B1: Transfer Entropy of Mike Island (a), Sherman Island (b), Pintail Island (c), 

and Pintail Channel (d) with discharge forcing for 100 hours of lag. 

d. c. 

a. b. 
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Figure B2: Transfer Entropy of filtered Mike Island (a), filtered Sherman Island (b), 

filtered Pintail Island (c), and filtered Pintail Channel (d) with discharge forcing 

for 100 hours of lag. 

 

 

 

d. c. 

a. b. 
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Figure B3: Transfer entropy of Mike Island (a), Sherman Island (b), Pintail Island (c), 

and Pintail Channel (d) with tidal forcing for 100 hours of lag. 

d. c. 

a. b

. 
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Figure B4: Transfer entropy of filtered Mike Island (a), filtered Sherman Island (b), 

filtered Pintail Island (c), and filtered Pintail Channel (d) with tidal forcing for 

100 hours of lag. 

 

 

 

d. c. 

a. b. 
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Figure B5: Transfer entropy of Mike Island (a), Sherman Island (b), Pintail Island (c), 

and Pintail Channel (d) with filtered wind forcing for 100 hours of lag. 

 

 

 

d. c. 

a. b. 



77 

 

 

 

 

 

Figure B6: Transfer entropy of filtered Mike Island (a), filtered Sherman Island (b), 

filtered Pintail Island (c), and filtered Pintail Channel (d) with filtered wind 

forcing for 100 hours of lag. 

 

 

 

d. c. 

a. b. 
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Figure B7: Transfer entropy of East Pass depth (a), and filtered East Pass depth (b), with 

discharge forcing for 100 hours of lag. 

 

 

 

Figure B8: Transfer entropy of East Pass depth (a), and filtered East Pass depth (b), with 

tidal forcing for 100 hours of lag. 

 

a. b. 

a. b. 
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Figure B9: Transfer entropy of East Pass depth (a), and filtered East Pass depth (b), with 

filtered wind forcing for 100 hours of lag. 

a. b. 
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