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Limitations Statement 

This report documents statistical issues associated with the establishment of turbidity trigger values for a large-scale 
capital dredging project. Its findings, recommendations, and conclusions are based on desk-top investigations using 
indicative data sets. As such, no claim is made as to the applicability of the approaches to any specific project. The 
passage of time, manifestation of latent conditions or impact of future events may require further exploration, subsequent 
data analysis, and re-evaluation of the findings, observations, conclusions, and recommendations expressed in this 
document. Accordingly, Environmetrics Australia Pty. Ltd. accepts no liability or responsibility whatsoever for or in respect 
of any use of or reliance upon this document, its recommendations or any other information contained herein by any party.  
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Executive Summary 

Northport Ltd has submitted applications to the Northland Regional Council (Ref. 

APP.040976.01.01) and the Whangarei District Council (Ref. LU2200107) for resource 

consents to enable the expansion of Northport’s existing facilities to increase freight 

storage and handling capacity. Northport currently consists of three berths, with a fourth 

berth and associated reclamation consented but not yet constructed. The current 

application proposes to construct a fifth berth together with an associated 11.7ha 

reclamation. The expansion will necessitate the removal of approximately 1.7M m³ of 

material during a capital dredge program, with the majority used to form the reclamation. 

This report sets out a framework for the collection and processing of turbidity data during 

an approximate 12-month monitoring period prior to any works being undertaken. This 

background data will be used to: (a) characterise the spatio-temporal aspects of naturally 

occurring turbidity in the vicinity of the port; and (b) develop a tiered ‘early warning’ 

mechanism to be used to monitor and manage turbidity levels in the harbour during the 

dredging program. 

The information, methods and protocols detailed in this report draw upon the 

knowledge, expertise and experience Environmetrics Australia has acquired over the past 

16 years on major capital dredging projects in Australia and New Zealand. These methods 

have been subjected to exhaustive peer-review by scientific experts in both countries and 

their efficacy demonstrated by the successful management of turbidity during a number 

of large-scale dredging projects. 

As detailed in this report, a number of matters need to be considered before the 

commencement of the baseline monitoring program. These relate to: 

• The identification of ‘extreme’ weather and oceanographic events; 

• The treatment of data collected during such events; 

• Protocols for the treatment of ‘unusual’ or ‘aberrant’ turbidity readings; 

• Procedures to deal with blocks of missing data due to instrument failure, 

communication issues, or other unforeseen events; 

• Refinement of the data smoothing/filtering algorithm to balance responsiveness 

of the monitoring system with effective turbidity signal extraction; 

• Experimental design and analysis to estimate the site-specific relationships 

between total suspended solids (TSS in mg/L) and turbidity measured in 

Nephelometric Turbidity Units (NTU); 

• Harmonisation and integration of modelled TSS with background measurements; 

• Development of turbidity ‘trigger values’ that underpin the early-warning and 

turbidity management system. 
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1. INTRODUCTION 

This report sets out a data processing and analysis framework to both monitor and 

manage turbidity levels during dredging operations associated with the Northport 

Expansion Project (NEP). The main components of this framework are: (i) pre-processing 

and statistical QA/QC of ‘raw’ turbidity data (measured in Nephelometric Turbidity Units 

or NTUs); (ii) establishment of turbidity ‘trigger values’ or TVs for use during the capital 

dredging program; and (iii) guidance for the implementation of a real-time turbidity 

monitoring and alerting system. The aims of (i) are to identify ‘aberrant’ readings and/or 

‘outliers’ to ensure the integrity and reliability of subsequent statistical calculations. The 

objective of (ii) is to provide ecologically relevant metrics that provide natural resource 

managers and port authorities with a tiered, early-warning capability of turbidity levels of 

concern while (iii) provides computational details required to implement this early-

warning mechanism. 

1.1 Extreme Events 

In the context of autonomously acquired turbidity data, the distinction between an 

aberrant reading and outlier has important ramifications. We define an outlier to be a 

truly erroneous observation whose occurrence is explainable through documented 

observation and/or other lines of evidence. Importantly, the outlier status is not a 

declaration based on a subjective assessment of ‘extremeness’. Situations that can give 

rise to outliers include, for example, instrument malfunction, data recording and/or 

transcription errors and (possibly) the influence of other extreme events such as long 

return period floods and storm events. Removal of data whose outlier status is either 

wholly or in part due to extreme weather events is a contentious issue with some arguing 

that the resulting high values are not true outliers but instead, are legitimate 

observations that are to be expected when monitoring the natural environment. The 

counter argument is that retention of such data will distort comparisons with background 

conditions that were quantified in the absence of such extreme natural events.  

At some stage the Project Proponents and the Regulator will need to agree on: (i) what 

constitutes an ‘extreme’ natural event and (ii) the treatment of data collected during such 

an event and whether that treatment is the same for both baseline monitoring dredge 

monitoring. To facilitate that discussion, we next discuss some of the issues that need to 

be addressed in developing data inclusion/exclusion criteria. 
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INCLUSION – EXCLUSION CRITERIA 

The NEP will monitor background turbidity at defined locations for not less than 12 

months. This minimum sampling horizon is desirable since it allows seasonal effects in the 

turbidity signal to be captured. However, the representativeness of the baseline data can 

be significantly compromised if the 12-month period is characterised by an over- (or 

under-) representation of extreme oceanographic and/or meteorological events during 

the monitoring period. Definitive advice on how to best deal with this type of situation 

does not exist.  

Our view is that if the statistical distribution of baseline turbidity data is significantly (in 

the statistical sense) altered by a pattern of extreme oceanographic and/or 

meteorological events whose probability of occurrence is deemed to be very low, then 

there is a prima facie case to undertake a statistical adjustment of the data to better 

reflect long-term, natural background conditions.  

It is difficult to be prescriptive about exactly how this would be achieved in any given 

instance, but in general terms the approach would seek to adjust the data through a 

weighting scheme that attenuates the impact of the ‘excess’ storm events or adjusts to 

compensate for the under-representation of storm events.  We do not believe data 

collected during a ‘significant’ storm event in the dredging phase of the project should 

undergo any such adjustment. Our reasons are twofold: (i) the baseline data will have 

already been adjusted to compensate for any over-representation of significant events; 

and (ii) decision-making about turbidity exceedances during dredging need to be taken in 

real-time. However, an overall assessment of whether there has been an excess number 

of extreme events during the dredging campaign cannot be made until dredging 

campaign is complete. 

As an alternative to a statistical adjustment of the baseline data, separate sets of trigger 

values could be developed for several extreme-event scenarios using modelled turbidity 

impacts due to storms of different intensities and durations.  

1.2 Unusual Events / aberrant data 

Perhaps more common than turbidity outliers are the occurrences of aberrant turbidity 

readings. For example, instruments moored in the receiving water body will often ‘see’ 

(and hence record) both spatial and temporal ‘patchiness’ in water clarity. So, while the 

turbidity readings taken when a ‘slug’ of highly turbid water passes the instrument sensor 
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are entirely legitimate, they are anomalous and not representative of the water quality 

more generally. One way of reducing sampling bias is to increase both the spatial and 

temporal resolution however this becomes prohibitively expensive.  

The data smoothing technique proposed in section 2.3 of this report (known as the KZA 

filter) was successfully used to manage dredging operations during the Port of Lyttleton’s 

Channel Deepening Project (LPC 2018). A key feature of the KZA filter is its robustness to 

these ‘spiky’, transient turbidity readings. Accordingly, (and on the assumption the NEP 

adopts the KZA methodology), we do not believe there is any need to make any additional 

adjustment or remove these transient turbidity readings.  

In the following sections of this report, we provide details of turbidity data processing and 

the development and use of early-warning sentinel based on turbidity ‘triggers’. It is 

important to appreciate from the outset that this is an imprecise science. Implicit in the 

use of turbidity to monitor a marine environment for adverse impacts is the strong, but 

largely untested assumption that the aquatic ecosystem and all that it comprises will be 

‘protected’ provided turbidity is kept below a threshold level. While this assertion has 

intuitive appeal (for example, we know seagrass need light and turbidity attenuates the 

photosynthetically active component of light), the level or threshold value that achieves 

the overarching objective of ecosystem protection more generally is unknown and 

perhaps unknowable – even if one exists. 

Current best practice as articulated in the ANZECC/ARMCANZ (2000 a,b) Australian and 

New Zealand Water Quality Guidelines (and the update by Warne et al. 2014) provides an 

initial starting point but is not prescriptive. While the Guidelines outline a framework for 

water quality assessments, they acknowledge the need and indeed advocate the use of 

locally derived procedures and metrics that are best suited to the specific environment 

and circumstances under consideration. With this in mind, we believe the Guidelines 

provide a substantive ‘fall-back’ position when the science and data are insufficient to 

refine and enhance the recommended monitoring and reporting procedures. 

2. DATA PROCESSING 

NB: The recommendations and guidance provided in this section relate to the 

processing of baseline turbidity data and trigger-value derivation. 
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We recommend two stages of data integrity checks be undertaken. The first stage checks 

are to be performed by the contractor responsible for data collection. This preliminary 

screening of the raw data should be limited to annotating entries in the data file to flag 

instances of individual readings that the contractor knows to be: (i) an outlier due to 

documented and verifiable faulty, unreliable, or unserviceable equipment or telemetry 

issues; or (ii) an aberrant observation obtained during adverse weather or oceanographic 

conditions. 

Stage 2 checks draw upon statistical QA/QC procedures and should be performed by a 

professional statistician. The focus of stage 2 checks is to: 

• Identify extreme and unusual data in terms of their statistical properties. 

• Use statistical data imputation techniques in accordance with agreed protocols to 
overcome problems created by blocks of missing data. 

• Use statistical smoothing techniques in accordance with agreed protocols to 
attenuate the influence of aberrant observations.  

 

2.1 Missing values 

Missing values are problematic for statistical analyses generally but pose challenges in 

environmental settings since different methods of treating the ‘missingness’ will produce 

different outcomes thus potentially leading to different environmental assessments. 

Fortunately, this problem is largely avoided when dual turbidity loggers are used. 

However Environmental Management Plans need to anticipate periods of missing data 

and articulate data management procedures during such times. 

An example of a turbidity data having some relatively large gaps in the temporal 

sequence is shown in Figure 1. These large gaps cannot be overcome by smoothing 

techniques such as the KZ filter (section 2.3) and cause the complete breakdown of the 

EWMA smoothing technique. 

This section is included for completeness and acknowledges the challenges presented by 
large blocks of missing data in both the pre-dredging and during-dredging data collection 
phases of the project. While statistically sound, the remedial actions suggested here have 
not been comprehensively assessed as part of any Australian or New Zealand dredging 
project. Accordingly, this section should be regarded as an articulation of further R&D 
requirements. 
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To date, the only effective and credible means of dealing with the level of ‘missingness’ 

indicated in Figure 1 is to impute the values of the missing data using advanced statistical 

modelling techniques. Models developed by Environmetrics Australia utilise information 

on ancillary variables such as wind speed, wind direction, tide, currents, and rainfall 

together with the autoregressive properties of the sequence prior to and following the 

missing period to reconstruct the missing temporal sequence. An example of the results 

of this approach are shown in Figure 2 which shows the in-filling of a 3-day gap in 

turbidity readings.  

 

 

 

 

 

 

Whether or not project proponents commission R&D work to develop local adaptations of 

predictive background turbidity models and project-specific methods of data imputation 

is largely a cost-benefit decision for them. Without these tools there is little that can be 

done to overcome blocks of missing data other than to simply record “NA” in the data 

record and revert to a management response driven more by heuristics than science. 

Whatever these actions and management decisions are, they need to be documented in 
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Figure 1. Example of raw turbidity data (open circles) with missing values. Smoothed signal shown in red. 

Figure 2. Illustration of temporal ‘in-filling’ of raw turbidity data. Original series with 3-day gap (left) and after data imputation (right). 
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the EMP. Further considerations associated with missing data in the context of turbidity 

monitoring are discussed in Fox (2018). 

2.2 Smoothing 

Statistical smoothing may be viewed as a companion activity to the aberrant data 

detection issue discussed in the previous section although the emphasis is somewhat 

different. 

There are numerous statistical smoothing techniques available to smooth turbidity data 

and estimate the underlying signal. For many years, the preferred smoothing technique 

for autonomous turbidity data was the exponentially weighted moving average or EWMA 

as described in the Australian and New Zealand Water Quality Guidelines 

(ANZECC/ARMCANZ 2000a,b).  

The EWMA was successfully used as both a management and compliance tool during the 

Port of Melbourne’s Channel Deepening Project 

(https://en.wikipedia.org/wiki/Port_Phillip_Channel_Deepening_Project ) and Gladstone 

Port Corporation’s Western Basin Dredging and Disposal Project 

(https://www.gpcl.com.au/ports-and-trade/major-projects/western-basin-dredging-and-

disposal-project/).  

A moving average (MA) is a locally-weighted average that attenuates high frequency 

oscillations in a time-varying signal and hence is referred to as a low-pass filter. The 

simplest MA is based on the concept of stepping a ‘window’ across the time series and 

plotting the (arithmetic) mean of the points falling in the window. The degree of 

smoothing is controlled by the width of the window. Weighted moving averages operate 

in the same way except data falling within the windows are not equally weighted as they 

are in the simple MA. While various weighting schemes are available, most assign the 

greatest weight to observations near the centre of the window and diminishing with 

increasing distance from the centre. 

While the overall performance of the EWMA as a dredge monitoring and management 

tool has been judged to be highly successful and appropriate, operationally, the 6-hour 

time delay introduced by the EWMA computation can be problematic in that it 

unnecessarily delays response times when worsening water quality is self-evident. 

Another, potentially more serious drawback of the EWMA is its inability to be calculated 

once missing data in the turbidity time-series are encountered. This is due to the recursive 

nature of the EWMA’s computation meaning the current value of the EWMA is 

dependent on the previous value, and so if the previous value is “missing” the current 

https://en.wikipedia.org/wiki/Port_Phillip_Channel_Deepening_Project
https://www.gpcl.com.au/ports-and-trade/major-projects/western-basin-dredging-and-disposal-project/
https://www.gpcl.com.au/ports-and-trade/major-projects/western-basin-dredging-and-disposal-project/
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value cannot be calculated and it too is flagged as “missing”.  A robust smoothing 

technique that does not suffer from this drawback is the Kolmogorov-Zurbenko (KZ) filter. 

THE KOLMOGOROV-ZURBENKO (KZ) FILTER 

The Kolmogorov-Zurbenko (KZ) filter belongs to the class of low-pass filters and as such is 

potentially useful for smoothing turbidity time-series data. In essence the KZ filter is 

computed by taking k time iterations of a moving average (MA) filter of m points. It 

therefore has only 2 parameters – k and m both of which have clear physical 

interpretations. In addition to its ease of computation and unlike the EWMA, the KZ filter 

easily deals with missing data situations and is near optimal (Yang and Zurbenko 2010).  

2.3 Use of the KZ filter for dredging projects 

The use of the KZ filter to monitor and managing turbidity was first used during Lyttleton 

Port Corporation’s Channel Deepening Project (Fox 2016). The proposed methodology 

was approved following a rigorous scientific peer-review as part of Environment 

Canterbury’s Consent process and was a key component of the raw turbidity data 

processing system adopted by LPC. For the LPC CDP, a K-Z filter with 4m = and 8k= was 

used. Anecdotal evidence following the LPC CDP suggests the K-Z filter performed very 

well although there was possibly scope to re-examine the choice of m and k with a view 

to reducing the time-delay (3 hours) that this {m,k} combination induced in the turbidity 

calculations (J. Pettersson, pers. com.). 

3. HARMONISING MODELLED AND MEASURED TURBIDITY 

A basic tenet of the environmental consent process for the proposed dredging activity is 

that, overall, there is no measurable increase in background turbidity levels beyond what 

has been predicted by hydrodynamic modelling. Output from hydrodynamic models 

represents the additional total suspended sediment (TSS) arising from the dredging 

operations and is expressed as a concentration (typically in mg/L). In-situ turbidity loggers 

use a light-based proxy for TSS known as nephelometric turbidity units or NTU. Although 

not perfect, NTU measurements are generally strongly correlated with TSS and this 

relationship can be exploited to harmonise modelled output with monitored data.  
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3.1 Characterising the TSS-NTU relationship 

The precise functional form of the TSS-NTU relationship can not be determined in 

advance of any data collection. Experience has shown that individual site and possibly 

seasonal models need to be developed to account for spatial and temporal influences on 

the TSS-NTU relationship. In any event, the model given by Equation 1 which converts TSS 

at site i during season j into NTU has been found to provide a good compromise between 

complexity and usefulness. 

ij

ijNTU TSS


=       (1) 

The parameters ij and ij  require estimation and this is typically done during the 

baseline data collection period using contemporaneous measurements of both NTU and 

TSS at about 0.5m depth. The details of this aspect of the baseline monitoring program 

will require careful planning and elicitation prior to the commencement of baseline 

monitoring and should be undertaken by a multidisciplinary team with expertise in field 

sampling, hydrodynamics, statistics, and local knowledge of the environment to be 

monitored. 

4. DEVELOPING A TIERED TURBIDITY TRIGGER SYSTEM 

For the NEP, we propose to adopt the same turbidity alerting system that was 

successfully used by LPC for its channel deepening project. The approach utilised the 

related concepts of intensity, frequency, and duration (IFD) of turbidity ‘exceedances’ 

proposed by McArthur at al. (2002).  

A thorough appraisal of the statistical and mathematical underpinnings of the IFD method 

undertaken by Environmetrics Australia for the LPC revealed serious shortcomings that 

had hitherto gone undetected despite the methodology having been adopted for major 

projects in Australia (Rio Tinto’s Cape Lambert project, Woodside’s Northwest Shelf 

project, Chevron’s Wheatstone and Gorgon projects, and Inpex’s Ichthys project).  

Since the IFD method forms the kernel of the proposed turbidity monitoring and 

‘compliance’ program, we believe it important that all stakeholders have a common 

understanding of both the concepts and mechanics of the approach. These are explained 

in the next section. 
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4.1 The Intensity-Frequency-Duration (IFD) method 

The three components of the IFD approach are identified in Figure 3. The IFD method 

originally contemplated by McArthur at al. (2002) treated the three components as if they 

were independent and set trigger values on the intensity and duration. As was shown by 

Fox (2018) this is incorrect. 

 

4.2 Which data to use? 

The use of turbidity ‘trigger values’ as an early-warning mechanism for dredging projects 

was an adaption of water quality monitoring procedures espoused in the Australian and 

New Zealand Water Quality Guidelines (ANZECC and ARMCANZ 2000). That advice was 

predicated on the notion of a trigger-value being set as some high-order percentile of 

background conditions.  

The incorporation of frequency and duration (of exceedance) considerations into the 

trigger-value derivation process was the result of individual jurisdictions and projects 

taking on board ANZECC and ARMCANZ (2000) advice (for toxicants), that wherever 

possible, water-quality assessments should be based on locally derived criteria.  

The approval of large-scale dredging projects and their embedded monitoring programs 

served to provide regulatory endorsement of the incremental modifications to the 

Figure 3. Depiction of IFD components for a turbidity time-series (see text for explanation). 
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trigger-value methodology. The difficulty was that no one had stopped to undertake an 

holistic assessment of the statistical implications of what had been approved. 

The reliance on the analysis of only background conditions for establishing trigger values 

was challenged during the review of the McArthur et al. (2002) IFD method Fox (2018). 

Their procedure was predicated on the key requirement that the trigger-value 

methodology “requires that natural SSCs [suspended sediment concentrations] plus 

that due to disposal cannot exceed the natural bounds” MacArthur et al. (2002).  

Fox (2018) demonstrated that the MacArthur et al. (2002) IFD method which allowed for 

simultaneous increases in both frequency and duration of exceedances resulted in 

outcomes in the 3D background I-F-D space that were infeasible. The procedure was thus 

incapable of honouring the proponent’s own requirement that natural turbidity plus 

that due to dredging cannot exceed natural bounds.  

Furthermore, Fox successfully argued during the LPC Consent hearing (Christchurch, 

May 1-9, 2017) that basing turbidity triggers on background data alone was logically 

inconsistent with the objectives of the consenting process. The argument advocating 

the use of background turbidity plus modelled turbidity in developing a modified IFD 

trigger system went as follows: 

(i) Dredging (temporarily) increases turbidity and that increase has been 

quantified by hydrodynamic modelling; 

(ii) Approval of the project gives license to (i); 

(iii) The monitored turbidity signal during dredging cannot honour a relationship 

between the I, F and D components that were derived from background 

turbidity alone; 

(iv) The I, F, and D components of turbidity exceedances need to be adjusted to 

capture the characteristics of the modified turbidity signal. Limits can then be 

placed on these components which:  

(v) acknowledge the link between I – F – D components; and 

(vi) ensure that more extreme turbidity events during dredging are within the 

limits of what has been predicted. 

In view of the foregoing, we do not believe it necessary to re-visit the arguments in 

support of the use of background and modelled turbidity for the development of the 
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IFD trigger-value methodology for the NEP. The results of detailed mathematical and 

statistical investigations into the modified IFD (m-IFD) were provided as part of the 

LPC CDP consenting process and are available at ECAN’s website 

(https://bit.ly/3wjK4hN). 

We next outline the computations involved in the m-IFD method. 

4.3 Assimilation of modelled TSS data and baseline monitoring data 

The output from hydrodynamic modelling is predicted hourly additional suspended 

sediment (TSS) concentrations arising from dredging activities at Tier 3 monitoring 

locations The steps involved in combining this data with the background data are outlined 

in the box below.  

 

4.4 The modified IFD method (m-IFD) 

The essence of the m-IFD procedure is the 

recognition that the fraction of time in an 

exceedance state must be no greater than  - the 

level used to determine the intensity trigger for discrete event sampling. Since it is the 

product of both frequency and (average) duration which determines the total 

exceedance time, these two components do not need to be separately managed – 

only the total time. 

For example, suppose the reporting period is 30 days or 720 hours. Using an intensity 

trigger based on the 95th. percentile of the turbidity data implies that only 5% of 

turbidity readings will exceed this level (assuming an ‘in-control’ process). 

Equivalently, the total time that turbidity exceeds this trigger can be no more than 36 

“Overall, we are satisfied that the m-IFD approach 
provides adequate assurance in this case”. 

From Commissioners’ consent decision on LPC’s CDP project, 
Environment Canterbury 

1. Express modelled TSS concentrations (mg/L) as a turbidity in NTU; 

2. Apply K-Z filter to empirical turbidity data; 

3. Average smoothed turbidity data over 1-hour periods; 

4. For each site: 

a. Merge data from steps 1 and 2 by month, day, and hour (year is 

disregarded); 

b.  Add modelled NTU and background NTU to obtain total NTU. 

https://bit.ly/3wjK4hN
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hours. The composition of exceedance events contributing to this 36-hour duration 

limit is somewhat immaterial – it could be due to many short-duration exceedances, a 

small number of long exceedances or, as is more likely, a range of durations.  

Implementation and management of this system is very simple having only two steps: 

1. For a chosen intensity level  determine the intensity trigger,Y ; 

2. For a fixed monitoring interval[0, ]T  set a limit on the cumulative 

exceedance time equal to T  . 

Thus, for a 30-day moving window, the Allowable Cumulative Exceedance Times 

(ACET) for  0.8,0.95,0.99 =  are 144 hours, 36 hours, and 7.2 hours respectively. 

A management response is required when the limit in 2 above has been (or is about 

to be) exceeded. 
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APPENDIX 1: Implementing the KZ Filter 

The Kolmogorov-Zurbenko (KZ) filter belongs to the class of low-pass filters and as such is 

potentially useful for smoothing turbidity time-series data. In essence the KZ filter is 

computed by taking k time iterations of a moving average (MA) filter of m points. It 

therefore has only 2 parameters – k and m both of which have clear physical 

interpretations. In addition to its ease of computation and unlike the EWMA, the KZ filter 

easily deals with missing data situations and is near optimal (Yang and Zurbenko 2010).  

The KZ filter applied to a time series ( ), 0, 1, 2, ,X t t =    is given as: 
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Computations 

As mentioned above, the KZ filter computed by taking k time iterations of a moving 

average (MA) filter of m points as follows as described in Yang and Zurbenko (2010): 

1. First iteration is to apply a MA filter to m points: 
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2. Second iteration is to apply a MA operation to the result of the first iteration: 
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3. kth iteration: 
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Implementation in EXCEL 

For the LPC CDP, Fox (2016) recommended using the K-Z filter with 4m = and 8k= . An 

alternative to the iterated application of a 4-point moving average to the raw turbidity 

data is the use of equation 1 directly. A formula for computing the coefficients ,m k
sa was 

not provided by Yang and Zurbenko (2010) and so these have been obtained by direct 

computation elsewhere. Denoting the scaled coefficients
,m k

s

k

a

m
in equation 1 by ( ), ,w s m k  

we see that ( ),m kKZ X t    is a weighted average of the current turbidity reading and the 

immediately adjacent (in time) 
( 1)

2

k m−
 values either side of it. This is because 

( ), , 1
s

w s m k = .  

For ( ),4,8w s , a weight of 0.123474 is applied to the current raw data value. Diminishing 

weights are applied to the neighbouring 12 data points either side of the current raw data 

value. These are {0.11792, 0.102661, 0.081299, 0.058334, 0.03772, 0.02179, 0.011108, 

0.004913, 0.001831, 0.000549, 0.000122, 0.000015}. As can be seen from Figure 1, the pattern 

of weighting is very similar to a gaussian weighting scheme. 

 

 

Figure 4. Distribution of weights w(s,4,8). 

 

Implementation in Excel is straightforward as is illustrated in Figure 2 which shows the 

underlying calculation for the raw turbidity reading at CH1 on 1/11/2016 at 14:31. The 

recorded turbidity was 4 NTU. This is given the highest weight of 0.123474. The next 
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highest weight of 0.11792 is applied to each of the 2 adjacent readings (3.85 and 4.1). A 

weight of 0.102661 is applied to the next pair (3.55, 3.65) and so on. Multiplying each of 

the 25 measured turbidity readings by its corresponding weight and summing gives the 

final result shown in the highlighted cell. As can be seen from the formula bar at the top 

of Figure 2, the whole calculation is achieved with one line of code which can be copied 

and pasted in all the remaining cells to be populated with smoothed data. 
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APPENDIX 2: Turbidity data processing and analysis 

I: Data Processing: Quality Assurance 

1. Turbidity data will be collected at times, places and sampling frequencies set out 

in the EMMP; 

2. Data integrity and quality will be assured via a two-stage process: (i) an initial 

QA/QC of the raw turbidity data; and (ii) a comprehensive statistical QA/QC of the 

supplied turbidity data. 

3. The first-stage QA/QC activities will be undertaken at the time of data acquisition 

using procedures and processes specified by the responsible Contractor; 

4. The statistical QA/QC component will be undertaken by an accredited statistician 

and utilise statistical methods consistent with the activities described in this 

report. 

II: Data Processing: Smoothing 

1. The impact of transient, high-frequency oscillations in the time-series of quality-

assured turbidity data will be reduced through a process of statistical smoothing; 

2. The smoothing technique will be an implementation of the Kolmogorov-Zurbenko 

(KZ) Filter with parameters m=4 and k=3 as described in Appendix 1 of this 

report. 

III: Data Processing: Treatment of Missing values 

1. Treatment of missing individual turbidity readings shall be in accordance with 

procedures and processes specified by the Contractor responsible for the 

implementation of the turbidity monitoring program; 

2. Treatment of contiguous blocks of missing data for periods in excess of 24 hours 

shall utilise methods identified in Appendix 3 of this report. 

IV: Statistical Analysis of Background Turbidity 

1. Data used to develop a statistical profile of background turbidity shall have 

undergone steps I-III above; 

2. Statistical procedures used to develop the background turbidity profile shall be 

consistent with those outlined in this report, including (but not limited to): 

 Graphical, tabular and numerical summaries organised by site and time; 

 Quantification of spatial and temporal patterns, dependencies and 

anomalies in the measured turbidity signals; 

 Investigation into the influences of natural forcings such as wind speed, 

wind direction, rainfall, currents, and tide. 

 Estimation of the parameters in the NTU-TSS relationship and assessment 

of spatial-temporal dependencies of same; 
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 Identification of appropriate theoretical distributions to describe overall 

turbidity properties; 

 Assessment of the representativeness of climatic and oceanographic 

conditions during the background data collection period. 

V: Trigger Values 

1. Trigger values will utilise monitored data that has undergone steps I-III and 

augmented with the incremental turbidity due to dredging as predicted by 

hydrodynamic modelling. The conversion between modelled TSS and NTU will be 

achieved using the models identified in IV above; 

2. The modified IFD approach as detailed in Appendix 2 of this report shall be used 

to establish numerical trigger values; 

3. The intensity levels associated with the ‘Tier 1, ‘Tier 2, and ‘Tier 3 classifications 

shall correspond to high order., percentiles of the data in V.1 above (80th., 95th., 

and 99th are suggested); 

4. The permissible number (frequency) of ‘Tier1, ‘Tier2, and ‘Tier3 exceedances in a 

reporting period will be determined in accordance with the method outlined in 

section 4.6 of The Report and attached as Appendix D; 

5. The maximum average duration of ‘Tier 1, ‘Tier 2, and ‘Tier 3 exceedances in a 

reporting period will be determined in accordance with the method outlined in 

section 4.6 of The Report and attached as Appendix D; 

6. The management response associated each of the ‘Tier 1, ‘Tier 2, and ‘Tier 3 

triggers is not required provided both the number and average duration of 

turbidity exceedances in the reporting period are within the limits identified in 

V.4 and V.5 above; 

7. Contemporaneous control charting of median turbidity at sentinel sites and the 

rolling 80th. percentile of turbidity at a selected reference site(s) as described in 

section 4 of The Report may be used as an internal LPC back-up monitoring tool. 

V1: Cause and Effect 

1. In the event turbidity conditions resulting in a ‘Tier 3’ exceedence a detailed 

analysis of all turbidity data obtained from steps I-III up to and including the time 

of exceedance will be undertaken using methods described in sections 2.2 and 2.3 

of The Report; 

2. The findings associated with the analyses undertaken in V1.1 will be used by LPC 

to assist in the assessment of the relative contributions of ‘natural’ and dredge-

related turbidity to the measured turbidity signal.  
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APPENDIX 3: Treatment of missing blocks of data 

An advantage of the KZ Filter (see Appendix 1) is that it is robust to the presence of small 

amounts of missing data.  With a 15-minute time-increment and m=3 and k=3, the KZ-

filter will be a weighted average of the current turbidity reading and the three adjacent 

readings. Although a smoothed turbidity reading will be produced at the same frequency 

as the sampling (ie. one every 15 minutes) it will lag the raw data by 45 minutes. As 

discussed in The Report, missing data pose various challenges for the subsequent 

statistical analysis and treatment of the turbidity series. Under the scheme outlined in 

this document, the KZ filtering of data can continue provided there is no more than six (6) 

contiguous missing values of the recorded turbidity. Where more than 6 contiguous 

readings are reported as ‘missing’, advanced statistical modelling techniques as discussed 

in section 2.1 shall be used to statistically ‘impute’ the likely values of the missing data. 

This data imputation will be done in such a way that the resulting sequence: 

(i) is consistent with the autocorrelation of the actual data recorded prior to the 

period of ‘missingness’; 

(ii) utilises actual data recorded at nearby locations using spatial covariance 

modelling techniques; 

(iii) has statistical properties that are consistent with actual data recorded 

immediately prior and following the period of ‘missingness’. 

 


