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Executive Summary 
This study provides up-to-date estimations of extreme still-water return level boundary conditions for 
return periods from 1:2 to 1:1000 years at two tidal gauges along the lower River Clyde: Greenock and 
Renfrew.  

This report serves as an update to analysis previously undertaken in Blackman (2002), incorporating 
additional data and an investigation into the use of new statistical analysis methods that were not 
available at the time of the previous study.  

The two main components of this work are: 

1) An updated extreme still-water return level analysis at Greenock and Renfrew with the 
addition of observed tidal data from 2017 to 2020 at Greenock  

2) An inclusion of up-to-date analysis methods, including joint probability methods 
incorporating statistical dependence between tide and surge components 

Results range from 2.83 to 4.26 mAOD for the 1:2 to 1:1000 year return periods at Greenock, and 3.49 
to 5.39 mAOD for the 1:2 to 1:1000 year return periods at Renfrew, respectively. 

Statistical dependence factors for tide and residual storm surge components were found to be very 
low at both Greenock and Renfrew. This is corroborated by ‘no interaction/dependency’ previously 
reported between tide and surge for this part of the UK coastline from the DEFRA (2005a) best practice 
guidance documentation. Given these findings, joint probability calculations incorporating statistical 
dependence were not undertaken for this study. 

A series of recommendations are made, detailing how future analysis could be improved. 
Improvements would be made principally through access to high-quality, up-to-date tidal data, most 
notably at Renfrew.  
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1 Introduction 
This study, undertaken by the University of Strathclyde, provides up-to-date estimations of extreme 
still-water return level boundary conditions for return periods from 1:2 to 1:1000 years at two tidal 
gauges along the lower River Clyde: Greenock and Renfrew. This report serves as an update to analysis 
previously undertaken in Blackman (2002), incorporating additional data and new statistical analysis 
methods that were not available at the time of the previous study.  

For Greenock, approximately 7.5 non-continuous years of tidal gauge data (1979-1980, 1998-2001 and 
2017-2020) have been analysed using joint probability extreme value analysis. For Renfrew, 
approximately three continuous years of tidal gauge data (1998-2001) have been analysed.   

The two main components of this work are: 

1) An updated extreme still-water return level analysis at Greenock and Renfrew with the 
addition of observed tidal data from 2017 to 2020 at Greenock  

2) An inclusion of up-to-date analysis methods, including joint probability methods 
incorporating statistical dependence between tide and storm surge components 

Results from these two components are compared and discussed in Sections 4 and 5 of this report. 
Analysis was completed using MATLAB. 
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2 Background and Review 
2.1 Calculating Extreme Still-Water Return Period Probabilities 

When storm surges coincide with high tides, extreme water levels result. In recent decades there has 
been growing concern that rising sea levels and future changes to weather patterns may potentially 
increase the likelihood of coastal flooding around the world (Meehl et al., 2007). It is therefore 
important that the probabilities of extreme water levels are accurately evaluated to inform good flood 
risk management and design of adequate river and coastal defences (Haigh et al., 2010; Petroliagkis 
et al., 2016). 

Since the 1950s, statistical analytical methods have been used to assess extreme tidal levels (Dixon 
and Tawn, 1994). These methods are based on extreme value theory, using the concept of statistical 
average return periods, to convey information about the likelihood of extreme still-water levels (Haigh 
et al., 2010). A number of different analysis methods have been developed and refined, each with 
different assumptions as to how the contributing variables coincide or combine. If unsuitable 
assumptions are applied in the analysis, significant under- or over-estimations of the probability of 
flooding can be made (Petroliagkis et al., 2016). 

In Scotland, the Scottish Environment Protection Agency (SEPA) has published (and regularly updates) 
technical flood risk guidance (SEPA 2019). This guidance includes consideration of coastal flood risk 
using joint probability methods, advising stakeholders to follow the DEFRA/Environment Agency 
(England) best practice guidance (DEFRA 2005a; 2005b). Additional discussion of Scottish coastal flood 
hazard management can be found in Stokes et al. (2016). 

The most common methods for calculating extreme still-water return level probabilities are described 
below.  

2.1.1 Direct Methods 

The classic annual maxima method (AMM) uses Generalised Extreme Value (GEV) distribution 
functions to obtain sea levels corresponding to chosen return periods (Lennon 1963; Suthons 1963). 
This method is generally considered to over-simplify the contributing processes and use the available 
observational data inefficiently, and is not widely used (Haigh et al., 2010). 

The AMM was further developed into the r-largest method (RLM), limiting the joint distribution of the 
r-largest values per year (Smith, 1986; Tawn, 1988a). This method is able to exploit more of the 
available observation data, but its use has largely been superseded by joint probability methods which 
allow much more efficient use of available observation data (Haigh et al., 2010).  

2.1.2 Joint Probability Methods 

The development of Joint Probability Methods (JPM) (Pugh and Vassie, 1979; 1980) was an important 
improvement in addressing the limitations of the direct methods (Haigh et al., 2010). These methods 
determine the chance of two (or more) events occurring concurrently, combining to produce a critical 
(high-impact) event (Petroliagkis et al., 2016). 

This approach involves separate analysis of the astronomical tide and non-tidal (i.e. meteorologically-
driven storm surge) residual, followed by a convolution to obtain the probability distribution of the 
sum. Separate probability distribution functions (pdf) are estimated empirically for the tidal and non-
tidal components. JPM allows return levels to be estimated from relatively short records (e.g. <5 years) 
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because all surge events are taken into account, not just those that lead to extreme levels (Haigh et 
al., 2010).  

In the 1990s, considerable JPM research was undertaken at the Proudman Oceanographic Laboratory 
(POL) (Coles and Tawn 1994, Dixon and Tawn 1994). This work was combined with developments from 
other UK research institutions in 2003 in a DEFRA funded programme to formally document and 
standardise these methods (Svensson and Jones, 2003; Hawkes and Svensson, 2003; Hawkes et al., 
2005). This DEFRA project resulted in the publication of best practice guidance documentation (DEFRA 
2005a; 2005b). 

2.1.3 Revised Joint Probability Methods Incorporating Statistical Dependence 

In their most basic form, the joint probability methods described above assume that the variables 
being analysed occur independently. However, in reality the two variables often interact and are to a 
lesser or a greater extent dependent upon each other. In the case of astronomical tide and surge, 
localised topography and bathymetry in some locations can cause these two variables to interact and 
lead to an increased likelihood that critical values of both variables to occur at the same time (Hawkes 
et al., 2005; Petroliagkis et al., 2016). DEFRA’s best practice guidance (2005a) notes that larger surges 
in some locations typically occur near the mid-tide level and are attenuated at high tidal levels.  

Consideration for such interaction is important, as assuming that these processes are independent is 
likely to result in an underestimation of maximum water levels calculated for a given frequency 
(Hawkes et al., 2005; Svensson and Jones, 2000). To understand this, it is often necessary to include a 
statistical dependence factor in joint probability calculations that represents the extent to which an 
observation of one variable is reliant on a value of another variable (Petroliagkis et al., 2016). 

Methods of factoring dependence into flood risk joint probability calculations are presented in 
Svensson and Jones (2000), Hawkes (2004), White (2007) and Petroliagkis et al. (2016), however these 
have been principally focussed upon modelling either wave height and storm surge, or river flow and 
storm surge, without considering astronomical tide. These methods are designed to deal with two 
stochastic processes, such as wave and surge, and are not appropriate to use to model the non-
stochastic (i.e. deterministic) astronomical tidal processes. This presents a challenge in undertaking 
joint probability analysis that include tidal processes. 

In 2005, DEFRA published best practice documentation presenting a ‘simplified’ approach for running 
joint probability analysis between tide and surge by the use of an extremal index of calculated 
‘correlation factors’ (DEFRA 2005a, 2005b). This guidance documentation presents tide and surge 
dependency mapped around the whole UK coast. Figure 1, taken from DEFRA (2005a), shows 
calculated levels of tide vs surge dependency around the whole UK coastline, using observation data 
from National Tide Gauge Network (NTGN) monitoring sites. The coastline around Glasgow (Firth of 
Clyde) is marked as having ‘no interaction or dependency’ between surge and tide, indicating these 
variables to be ‘statistically dependent from each other’ (DEFRA 2005a). 
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Figure 1: Relative levels of tide and surge interaction/dependency 

around the UK (DEFRA 2005a) 

More recently, methods of undertaking joint probability calculations for tide and surge with statistical 
dependence factors have been developed (Mazas et al., 2014). These are not considered further in 
this study as they remain as relatively new scientific advances, which require robust testing before 
potentially being widely accepted as UK-wide standard ‘best practice’ methods.  
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3 Data and Methods 
3.1 Data Availability 

The following datasets were used in this study for each observation location: 

• Three, non-continuous sets of tidal water-level observation data are available for Greenock, 
amounting to approximately 7.5 non-continuous years of data. 

• One set of water-level observation data are available for Renfrew, amounting to just over 
three years of continuous data.  

These datasets are described below and summarised in Table 1, with observation locations shown in 
Figure 2: 

Table 1: Summary of data used in this study 
 

 POL Data 
1979-1980 

NOC Data 
1998-2001 

Peel Ports Data 
2017-2020 

Greenock 11 months 42 months 35 months 

Renfrew - 38 months - 

  

1979-1980 Proudman Oceanographic Laboratory (POL) Data 

Hourly tidal gauge observation data for Greenock is available for November 1979 to October 1980 (11 
months), collected by the Proudman Oceanographic Laboratory.  

1998-2001 National Oceanography Centre (NOC) Data 

Fifteen-minute interval tidal gauge observation data for Greenock is available for February 1998 to 
October 2001 (42 months), and for Renfrew from March 1998 to May 2001 (38 months).  

These fifteen-minute interval observations were averaged into hourly records with some gaps and 
erroneous observations omitted from the datasets (see Section 3.2.1).  

2017-2020 Peel Ports Data 

Fifteen-minute interval tidal gauge sea-level observation data for Greenock is available for June 2017 
to June 2020 (35 months). 

This dataset differed from the POL/NOC datasets in that it already had the non-tidal storm surge 
residuals calculated for each observation. 

Other data (not analysed in this study) 

There is an existing tidal gauge at Renfrew operated by SEPA. Up to 20 years of observation data may 
be available from this monitoring station, however the Renfrew gauge is not well located for use as a 
hydrodynamic model boundary, therefore this data was out of scope for this study. 

The closest National Tide Gauge Network (NTGN) monitoring site is located at Millport, on the Isle of 
Cumbrae in the Firth of Clyde (as shown in Figure 2). Observation data from Millport was used to cross-
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check the quality of Greenock and Renfrew observation data (see section 3.2.1). Additional data may 
also be available from the Peel Ports operated Glasgow Harbour and Rothesay Dock gauges. 

 
Figure 2: Satellite image showing the study locations of Greenock and Renfrew 
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3.2 Methods 

The analysis was undertaken in two components: 

1) An updated extreme still-water return level analysis at Greenock and Renfrew with the 
addition of observed tidal data from 2017 to 2020 at Greenock 

2) The inclusion of up-to-date analysis methods, including joint probability methods 
incorporating statistical dependence between tide and surge components 

The results are presented in Section 4.   

For both of the above components, astronomical tide levels and non-tidal storm surge residuals were 
calculated from the available observation data at Greenock and Renfrew. This was followed by joint 
probability analysis of these variables allowing extreme still-water level return periods to be 
estimated. 

To process the observation data into tidal and non-tidal components, the below equation was applied:  

ζ (t) = x(t) + y(t) + Zo 

where, for any time (t), the observed still-water level (ζ) is the sum of the tidal component (x), the 
non-tidal residual (y) and the mean sea level (Zo). The mean sea level (Zo) used was the mean of all 
the observed levels. The potential non-stationarity of the dataset, including sea level rise, was not 
taken into account in this analysis due to the short length of tidal records.  

The non-tidal residual is made up principally of meteorologically driven swell and is referred to the 
residual levels throughout this report. 

3.2.1 Data Preparation 

Observation data was manually processed to remove potential errors and irregularities. Greenock and 
Renfrew observation data was plotted against observation data from National Tide Gauge Network 
(NTGN) site, Millport, in the Firth of Clyde approximately 25 km from Greenock. Anomalies and 
irregularities in the observation data that were not apparent in the Millport data were removed from 
the dataset as assumed measurement error or equipment malfunction.  

The 15-minute interval observation data was converted to hourly data by taking the mean over each 
hour. In cases where there were missing data points within the hour, the whole hour of data was 
omitted. 

Details of the data sensitivity testing compared to Blackmans (2002) are presented in Appendix 2. 

3.2.2 Astronomical Tide Levels  

The tidal component of the observed water level is coherent and predictable, responding directly or 
indirectly to astronomical forcing. The harmonic method of analysis was used to model the 
astronomical tide as a finite number. 

The following equation was used to obtain astronomical tide as a finite number, N of harmonic 
constituents with an amplitude H and angular speed:  

!(#) = &'!
"

!#$
(#)(! cos(,!# + .! + /! − 1!) 
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where V is the initial phase at an arbitrary time origin t=0 and g is each constituent's phase lag with 
respect to the equilibrium time. f and u are slow modulating theoretical functions, with the period 
18.6 years of regression of the lunar nodes. 

To allow the full time-series to be analysed, MATLAB’s ‘Tidal Toolbox’ package was used to estimate 
speed, period, amplitude and phase for all 38 harmonic components. The harmonic equation below 
was used model astronomical tides for this study: 

!(#) = & (!
"#%&

!#$
cos(,!# + .! − 1!) 

Lunar node modulating functions f and u were omitted from this equation as these are based on longer 
cycles (18.6 years) and are not thought to influence the tidal harmonics on the scale of the observation 
data. 

Calculated tidal harmonics were calculated in MATLAB. The use of MATLAB was found to make the 
process faster and enable the longer datasets to be easily incorporated into the analysis when 
compared to using desktop spreadsheets such as Microsoft Excel. 

The summarised outputs of the tidal harmonic analysis are presented in the results Section 4.2.1 and 
in full in Appendix 2. 

3.2.3 Storm Surge Residuals 

The non-tidal residual (surge) elevations at Greenock and Renfrew were computed as the difference 
between the observed and predicted (tidal) levels.  

A probability density function for the residual surge levels was generated from all available 
observation data time series for both monitoring sites, using a class interval of 0.1m. These are 
presented in Section 4.2.2. 

Extreme surge elevation return periods were estimated using a peaks over threshold (POT) technique, 
counting the number of exceedances per year of surge elevations (y) greater than a threshold level 
(!!) was treated as a Poisson variate whose parameter (λ) was estimated by: 

λ	 = %
&  

where M is the number of exceedances in N years of record. The magnitude of the exceedances were 
treated as an exponential distribution whose parameter (β) was estimated by: 

β( = !) − !! =+!"
%

#

$%"
− !! 

where !) is the mean of the exceedance surge elevations. Then the surge elevation with return period 
of R years was estimated from: 

!(-) = !! + β( ln λ( 	+	β( ln - 

A threshold level of 3, was used following Blackman (2002). Extreme surge elevation return periods 
estimated using this POT method are contained in Section 4.2.2. 
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3.2.4 Still-Water Return Periods: Joint Probability Method (independent) 

Joint probability methods were used to calculate the probability of particular still-water levels being 
reached at Greenock and Renfrew, allowing for return periods to be estimated with the inclusion of 
the newly available data (2017 to 2020). These joint probability calculations use separate probability 
distributions for the tidal and residual storm surge components, as described in Sections 3.2.2 and 
3.2.3 above. 

Assuming independence of the two components, the computed probability of occurrence of a 
particular still-water level (h) was calculated using the following equation: 

2(ℎ) 	= 4 2&(ℎ − !). 2'(!)6!
(

%(
 

where PT and PS are the probability density functions for tide and surge. From P(h), the probability of 
exceeding a particular level (H) was computed from the cumulative distribution function: 

7(8) 	= 4 2(8)6ℎ
(

)
 

And the probability of exposure of a level from: 

-(8) 	= 4 2(ℎ)6ℎ
)

%(
 

This joint probability method produced extreme statistics in terms of these probabilities of exceeding 
high levels and of falling before low levels. These were converted into return periods by taking into 
account the sampling interval of 1 hour using the relationship: 

9:	 = 	 [7(8).8766]%"		@9		[-(8).8766]%" 

where 9: is the return period in years and 8766 is the number of hourly samples in 1 year. 

Nonlinear least squared (NLLS), least absolute residuals (LAR) and bi-squared weight (BISQ) fitting 
distribution fitting options were employed using MATLAB, with four goodness of fit measures used 
(sum of squared error, R2, adjusted R2 and root mean square error). The robust fit methods deployed 
the trust-region algorithm. 

Extreme still-water return period estimates made using this method for Greenock and Renfrew are 
presented in the Section 4 of this report. Comparative results from this study are presented alongside 
results from Blackman (2002) in Appendix 2. 

3.2.5 Still-Water Return Periods: Joint Probability Method (statistical dependence) 

The second component of this study is to provide an up-to-date analysis of the data using a revised 
statistical analysis method, specifically joint probability methods incorporating an estimate of 
statistical dependence between tide and surge. 

DEFRA best practice 

As a first step, this study follows the DEFRA best practice approach (DEFRA 2005a; 2005b) to assess 
statistical dependence between tidal and surge components. This best practice documentation 
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presents a ‘simplified’ approach for assessing dependence between tide and surge processes (as well 
as other tidal, hydrological and meteorological variable pairs) through use of an extremal index of 
calculated ‘correlation factors’ (DEFRA 2005a; 2005b).  

Using these methods, tide vs surge dependence mapping was previously completed by DEFRA around 
the UK coastline, using observation data from National Tide Gauge Network (NTGN) monitoring sites. 
This dependence mapping is shown in Figure 1.  

The coastline around Glasgow (Firth of Clyde) is marked as having ‘no interaction/dependency’ 
between tide and surge, indicating these variables to be statistically independent from each other 
(DEFRA 2005a). This indicates that further assessment of statistical dependence is unlikely to be 
required for joint probability methods for tide and surge components in the study location of the lower 
River Clyde, although it should be noted that this assessment has been calculated and mapped at a 
nationwide scale that may not allow local topography or bathymetry to be accounted for in some 
areas.  

Calculating statistical dependence 

To check the validity of the DEFRA best practice approach (DEFRA 2005a; 2005b), this study undertook 
calculations of statistical dependency between tide and surge at the study locations. This study 
followed methods summarised in Petroliagkis et al. (2016) to calculate a statistical dependence factor 
between the two components (tide and surge) referred to as “chi” (denoted as χ). The methods used 
were originally presented by Svensson and Jones (2000) with additional suggestions from Hawkes 
(2004) (see Petroliagkis et al. (2016) for full details). The “chi” dependence value is calculated as: 

χ(u) 	= 	2	 −	 ln 8(9 ≤ /, . ≤ /)
ln 8(9 ≤ /)  

where u is an expression for the probability of non-exceedance of a critical threshold, and U and V are 
the two source components (tide and surge residual).  

This equation can be calculated considering a common percentile threshold (u = x*= y*) in terms of 
the fraction’s numerator, can be expressed as: 

8(9 ≤ /, . ≤ /) 	= 	</=>?@	A'	(B, C)	D/Eℎ	#ℎG#	B ≤ !	GHI	C ≤ J ∗
LA#GM	H/=>?@	A'	(B, C)  

expressing the likelihood of both component values within the observed data being below the 
extreme threshold. The denominator term can be expressed: 

ln 8 (9 ≤ /) 	= 1
2	ln O

</=>?@	A'	B ≤ ! ∗	
LA#GM	H/=>?@	A'	B 	∗ 	

</=>?@	A'	C ≤ J ∗	
LA#GM	H/=>?@	A'	C P 

The results of calculations following these methods are contained in Section 4.4.  
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4 Results 
Results for Greenock and  Renfrew, calculated using the described data and analysis methods from 
Section 3, are presented below. 

It is anticipated that as new observed tidal data may become available for either site in the future, 
tidal storm surge residuals and extreme still-water return periods may be reviewed and updated using 
these spreadsheets and methods.  

4.1 Data Preparation and Sensitivity Testing 

As noted above in Section 3.2.1, the available data was cleaned and checked for errors, anomalies and 
outliers. Initially, the 15-minute interval observation data were converted to hourly data by taking the 
mean over each hour. In cases where there were missing data points within the hour, the whole hour 
of data was omitted. Secondly, observation data were plotted against data from the nearest NTGN 
site (Millport), with anomalies and irregularities being removed from the dataset as assumed 
measurement error or equipment malfunction.  

For Greenock, 57,511 hourly values were contained in the cleaned dataset, from an original dataset 
of 59,934 hourly values. For Renfrew, 16,366 hourly values were contained in the cleaned dataset, 
from an original dataset of 27,129 hourly values.  

For Renfrew, a considerable amount of data was removed (approximately 30%) due to measurement 
error or anomalies, compared to Greenock where only approximately 4% of the data were removed. 

Results of the data sensitivity testing are presented in Appendix 2. A comparison with the results from 
Blackman (2002), including estimates of return periods of extreme still-water return levels), is also 
contained in Appendix 2.  

4.2 Tidal Levels and Storm Surge Residuals 
4.2.1 Tidal Levels 

The full tidal harmonic statistics calculated for Greenock and Renfrew, using methods described in 
Section 3.2.2, are contained in Appendix 1.  

4.2.2 Storm Surge Residuals 

The probability density function distributions for the residual storm surge levels are shown for 
Greenock in Figure 3 and Renfrew in Figure 4. The corresponding statistics for these probability 
distributions are shown for Greenock in Table 2 and Renfrew in Table 3.  
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Figure 3: Probability density function distribution for the residual storm surge levels estimated for Greenock 

 

Figure 4: Probability density function distribution for the residual storm surge levels estimated for Renfrew 

Table 2: Residual storm surge probability density function statistics for Greenock 
 

Statistic Value 

Standard Deviation (m) 0.26 

Skewness 0.39 

Kurtosis 4.46 

Maximum (m) 2.19 

Minimum (m) -1.18 
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Table 3: Residual storm surge probability density function statistics for Renfrew 
 

Statistic Value 

Standard Deviation (m) 0.30 

Skewness 0.65 

Kurtosis 5.05 

Maximum (m) 2.00 

Minimum (m) -1.69 

Skewness is a measure of symmetry and has a value of zero for a symmetrical Gaussian distribution. 
The positive values observed for Greenock and Renfrew indicate that large positive surges of a given 
magnitude were more probable than large negative surges of the same magnitude. This positive trend 
reflects the asymmetry in the frequency of extreme atmospheric pressures.  

Kurtosis is a measure distribution curve shape relative to the Gaussian, which has a standard 
kurtosis value of 3. Kurtosis values calculated here for Greenock and Renfrew are greater than 3 
and more sharply peaked than a Gaussian distribution with greater height and longer tails. 

Both the Greenock and Renfrew records remain very short and therefore highly sensitive to the 
inclusion/exclusion of historical tide and surge events and data processing and cleaning methods. 

Extreme positive surge residual return periods estimates were made using the POT method, with a 
threshold value of 3, being used. Results are presented below for Greenock (Table 4) and for Renfrew 
(Table 5). 

Table 4: Extreme positive storm surge residual return period estimates 
at Greenock using a POT method 

 
Return Period (years) Height (m) 

1 1.47 

2 1.58 

5 1.74 

10 1.85 

20 1.96 

50 2.12 

100 2.23 

250 2.38 
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Table 5: Extreme positive storm surge residual return period estimates 
at Renfrew using a POT method 

 
Return Period (years) Height (m) 

1 2.16 

2 2.36 

5 2.51 

10 2.66 

20 2.86 

50 3.01 

100 3.16 

250 3.21 

 

4.3 Still-Water Return Periods: Joint Probability Method (assuming independence) 

Computed estimates of return periods of extreme still-water return levels, using the joint probability 
method described in Section 3.2.4 (assuming statistical independence between the tide and surge 
components) are presented for Greenock (Table 6) and for Renfrew (Table 7). These results include 
analysis of the additional 2017-2020 Peel Ports observations for Greenock. Extreme still-water return 
level estimates are given in height relative to Ordnance Datum (Newlyn). 

Estimated extreme still-water levels calculated for 500-year return periods should be treated with 
extreme caution, as these are much larger than would typically be extrapolated from the limited 
length of available observation data.  

Figures showing the log-fit (using least squares fitting method) with 95% lower and upper confidence 
bounds are presented in Figure 5 for Greenock and Figure 6 for Renfrew. 

To enable a comparison to the Blackman (2002) analysis, estimates of return periods of extreme still-
water return levels are shown alongside the estimates from Blackman (2002) in Appendix 2.  
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Table 6: Extreme still-water return period estimates for Greenock using JPM 
assuming statistical independence. Lower and upper 95% confidence bounds in 

parentheses 
 

Return Period (years) Height (mAOD) 

2 2.95 (2.86/3.05) 

5 3.15 (3.04/3.25) 

10 3.29 (3.18/3.41) 

20 3.44 (3.31/3.56) 

50 3.63 (3.49/3.77) 

100 3.78 (3.63/3.92) 

200 3.92 (3.77/4.08) 

250 3.97 (3.81/4.13) 

500* 4.12 (3.95/4.28) 

1000* 4.26 (4.09/4.44) 
 

Table 7: Extreme still-water return period estimates for Renfrew using JPM 
assuming statistical independence. Lower and upper 95% confidence bounds in 

parentheses 
 

Return Period (years) Height (mAOD) 

2 3.49 (3.35/3.63) 

5 3.79 (3.63/3.95) 

10 4.01 (3.83/4.18) 

20 4.23 (4.04/4.42) 

50 4.52 (4.31/4.73) 

100 4.74 (4.52/4.97) 

200 4.96 (4.72/5.21) 

250 5.04 (4.79/5.28) 

500* 5.26 (4.99/5.52) 

1000* 5.39 (5.15/5.63) 

* Still-water levels presented for the 1:500 and 1:1000 year return periods should 

be treated with extreme caution, as these are much larger than would typically be 

extrapolated from this length of available observation dataset  
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Figure 5: Log-fit graph for extreme still-water return periods for Greenock using JPM assuming statistical 
independence 

 

Figure 6: Log-fit graph for extreme still-water return periods for Renfrew using JPM assuming statistical 
independence 

4.4 Still-Water Return Periods: Joint Probability Method (incorporating statistical 
dependence) 

As noted above, the coastline close to Glasgow (Firth of Clyde) has previously been found to have ‘no 
interaction/dependency’ between tide and surge (DEFRA 2005a), indicating these variables to be 
statistically independent from each other. To cross-check this value of ‘no dependence’, a statistical 
dependence factor between the two components (tide and surge), “chi” (denoted as χ) was calculated 
using the methods summarised in Petroliagkis et al. (2016). 
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The dependence factor is presented as a decimal between 0 and 1, where a calculated value of would 
0 indicate no dependence (i.e. independence), and a value of 1 would indicate full dependence.  

Results of chi (χ) calculated for the 95th to 99th percentile are presented below for Greenock (Table 8) 
and Renfrew (Table 9). 

Table 8: Calculated tidal vs residual dependence values (!)  for Greenock (95-99th percentile) 
 

Percentile 0.95 0.96 0.97 0.98 0.99 

" 0.036 0.009 0.015 0.024 0.036 

 
Table 9: Calculated tidal vs residual dependence values (!)  for Renfrew (95-99th percentile) 
 

Percentile 0.95 0.96 0.97 0.98 0.99 

" 0.030 0.025 0.028 0.028 0.009 

Calculated dependency chi (χ) values for both Greenock and Renfrew are found to all be below 0.04, 
irrespective if which percentile is used, indicating very low statistical dependency between surge and 
tidal components at these observation locations. This corroborates the findings indicated using the 
DEFRA best practice approach (as described above). 

It is therefore concluded for the purposes of this study that statistical dependence factors do not need 
to be incorporated in joint probability calculations for the study locations in the lower River Clyde, 
indicating that joint probability methods assuming statistical independence (as described in Section 
3.2.4) are suitable for use at these locations. Further calculations of extreme still-water return period 
estimates using joint probability methods with statistical dependence factors are not undertaken in 
this study.  

  



Tidal Storm Surge Residuals and Extreme Still-Water Return Periods at Greenock and Renfrew, River Clyde 
University of Strathclyde – GR001a 

21 
 

5 Discussion and Recommendations for Future Work  
5.1 Discussion 

Statistical dependence 

Statistical dependence values between the tide and residual storm surge components were found to 
be very low at both Greenock and Renfrew, when calculated using methods summarised in 
Petroliagkis et al. (2016). This corroborates expected ‘no interaction/dependency’ between tide and 
surge presented in the DEFRA best practice documentation (2005a) for this part of the UK coastline 
(see Figure 1). 

Given these findings, further joint probability calculations incorporating statistical dependence were 
not undertaken in this study. The methods used for joint probability calculations assuming statistical 
independence (described in Section 3.2.4) were considered to be suitable and appropriate for this 
study.  

Limitations of data 

A considerable portion of the available observation data (approximately 30%) was removed from the 
Renfrew dataset during the data sensitivity and cleaning process. As a consequence, calculations for 
Renfrew were made using a much more limited dataset than would ideally be used, and the results 
presented in this report should therefore be treated with caution.  

5.2 Recommendations for Future Work 

It is recommended that the following considerations are made for future similar studies, or updates 
to this analysis for the Clyde in the future: 

- Data for both study locations – Greenock and Renfrew – are very short. The inclusion of the 
2017-2020 Peel Ports data lengthened the Greenock non-continuous dataset over the 
dataset used in Blackman (2002), however remains very short for an extreme value 
probability analysis. Any future updates to this analysis should therefore prioritise the 
addition of new data should it become available. 

- Data from the SEPA tidal gauge at Renfrew could also be incorporated into any future 
analysis for the Clyde. The use of this data may significantly strengthen the quality of the 
calculations made for Renfrew, as the dataset used in this study was of limited extent. 

- Newer joint probability methods developed for tide and storm surge interactions 
(incorporating statistical dependence) could be used for site where higher levels of statistical 
dependence may be expected, such as the method presented Mazas et al. (2014), however 
these remain largely untested and do not currently for the basis of UK-wide ‘best practise’.  
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6 Conclusions 
The following conclusions were made in this study: 

• Up-to-date estimations of extreme still-water return level boundary conditions for return 
periods ranging from 1:2 to 1:1000 years are provided at two tidal gauges along the lower 
River Clyde, Greenock and Renfrew. For Greenock, approximately 7.5 non-continuous years 
of tidal gauge data (1979-1980, 1998-2001, 2017-2020) have been analysed; for Renfrew, 
approximately three continuous years of tidal gauge data (1998-2001) have been analysed. 
Results range from 2.83 to 4.26 mAOD for the 1:2 to 1:1000 year return periods at Greenock, 
and 3.49 to 5.39 mAOD for the 1:2 to 1:1000 year return periods at Renfrew respectively. 

• Statistical dependence factors for tide and residual storm surge components were found to 
be very low at both Greenock and Renfrew. This is corroborated by ‘no 
interaction/dependency’ previously reported between tide and surge for this part of the UK 
coastline by DEFRA. These findings confirm that joint probability methods which assume 
statistical independence are suitable at these locations. 

• Future improvements could be made to this study principally through the inclusion of high-
quality, up-to-date tidal observational data.  
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Appendix 1  

Tidal harmonic analysis for Greenock and Renfrew
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Greenock Harmonic Constants (1979-1980)          
               
 'M2' 'S2' 'N2' 'K1' 'M4' 'O1' 'M6' 'MK3' 'S4' 'MN4' 'NU2' 'S6' 'MU2' '2N2' 

Speed 28.9841 30 28.4397 15.0411 57.9682 13.943 86.9523 44.0252 60 57.4238 28.5126 90 27.9682 27.8954 

Period 0.51753 0.5 0.52743 0.99727 0.25876 1.07581 0.17251 0.34071 0.25 0.26122 0.52608 0.16667 0.53632 0.53772 

Amp 1.21371 0.30284 0.2251 0.10378 0.1105 0.08697 0.03704 0.01933 0.01604 0.04334 0.05914 0.00103 0.04375 0.03168 

Phase -1.4381 0.41087 2.92178 -3.0195 -0.7056 -0.3146 2.08162 2.76299 2.89499 -2.364 -1.4119 -2.1145 0.01841 1.05763 

               

 'OO1' 'LAM2' 'S1' 'M1' 'J1' 'MM' 'SSA' 'SA' 'MSF' 'MF' 'RHO' 'Q1' 'T2' 'R2' 

Speed 16.1391 29.4556 15 14.4967 15.5854 0.54437 0.08214 0.04107 1.0159 1.09803 13.4715 13.3987 29.9589 30.0411 

Period 0.92942 0.50924 1 1.03472 0.96244 27.5546 182.621 365.242 14.7653 13.6608 1.11346 1.11951 0.50069 0.49932 

Amp 0.00227 0.03915 0.01804 0.00756 0.00253 0.00477 0.02352 0.14821 0.01268 0.02645 0.00698 0.0271 0.01495 0.00528 

Phase -2.499 1.42311 -0.7853 -1.9942 0.30326 -3.0605 -0.5362 -0.4726 1.95382 2.02398 -0.9642 -2.7519 0.26207 -2.6232 

               

 '2Q1' 'P1' '2SM2' 'M3' 'L2' '2MK3' 'K2' 'M8' 'MS4' 'N'     

Speed 12.8543 14.9589 31.0159 43.4762 29.5285 42.9271 30.0821 115.936 58.9841 0.00221     

Period 1.16693 1.00275 0.48362 0.34502 0.50798 0.34943 0.49863 0.12938 0.25431 6798.37     

Amp 0.00291 0.03928 0.02858 0.06014 0.08002 0.02037 0.07924 0.00754 0.10914 NaN     

Phase 0.07208 -2.9587 -0.9824 -2.8893 -2.7701 -0.8915 -2.7387 2.95378 0.73189 NaN     
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Greenock Harmonic Constants (1998-2001) 
               
  'M2' 'S2' 'N2' 'K1' 'M4' 'O1' 'M6' 'MK3' 'S4' 'MN4' 'NU2' 'S6' 'MU2' '2N2' 

Speed 28.9841 30 28.4397 15.0411 57.9682 13.943 86.9523 44.0252 60 57.4238 28.5126 90 27.9682 27.8954 

Period 0.51753 0.5 0.52743 0.99727 0.25876 1.07581 0.17251 0.34071 0.25 0.26122 0.52608 0.16667 0.53632 0.53772 

Amp 1.21371 0.30284 0.2251 0.10378 0.1105 0.08697 0.03704 0.01933 0.01604 0.04334 0.05914 0.00103 0.04375 0.03168 

Phase -1.4381 0.41087 2.92178 -3.0195 -0.7056 -0.3146 2.08162 2.76299 2.89499 -2.364 -1.4119 -2.1145 0.01841 1.05763 

               

  'OO1' 'LAM2' 'S1' 'M1' 'J1' 'MM' 'SSA' 'SA' 'MSF' 'MF' 'RHO' 'Q1' 'T2' 'R2' 

Speed 16.1391 29.4556 15 14.4967 15.5854 0.54437 0.08214 0.04107 1.0159 1.09803 13.4715 13.3987 29.9589 30.0411 

Period 0.92942 0.50924 1 1.03472 0.96244 27.5546 182.621 365.242 14.7653 13.6608 1.11346 1.11951 0.50069 0.49932 

Amp 0.00227 0.03915 0.01804 0.00756 0.00253 0.00477 0.02352 0.14821 0.01268 0.02645 0.00698 0.0271 0.01495 0.00528 

Phase -2.499 1.42311 -0.7853 -1.9942 0.30326 -3.0605 -0.5362 -0.4726 1.95382 2.02398 -0.9642 -2.7519 0.26207 -2.6232 

               

  '2Q1' 'P1' '2SM2' 'M3' 'L2' '2MK3' 'K2' 'M8' 'MS4' 'N'         

Speed 12.8543 14.9589 31.0159 43.4762 29.5285 42.9271 30.0821 115.936 58.9841 0.00221         

Period 1.16693 1.00275 0.48362 0.34502 0.50798 0.34943 0.49863 0.12938 0.25431 6798.37         

Amp 0.00291 0.03928 0.02858 0.06014 0.08002 0.02037 0.07924 0.00754 0.10914 NaN         

Phase 0.07208 -2.9587 -0.9824 -2.8893 -2.7701 -0.8915 -2.7387 2.95378 0.73189 NaN         
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Renfrew Harmonic Constants (1998-2001)          
               
  'M2' 'S2' 'N2' 'K1' 'M4' 'O1' 'M6' 'MK3' 'S4' 'MN4' 'NU2' 'S6' 'MU2' '2N2' 

Speed 28.9841 30 28.4397 15.0411 57.9682 13.943 86.9523 44.0252 60 57.4238 28.5126 90 27.9682 27.8954 

Period 0.51753 0.5 0.52743 0.99727 0.25876 1.07581 0.17251 0.34071 0.25 0.26122 0.52608 0.16667 0.53632 0.53772 

Amp 1.3877 0.35915 0.25584 0.10236 0.15755 0.08784 0.12612 0.02072 0.02377 0.06536 0.07149 0.00677 0.05092 0.04073 

Phase -1.2659 0.63875 -3.1256 -2.9078 0.24367 -0.1895 -3.1078 -3.14 -2.3046 -1.467 -1.2098 -1.2111 -0.2559 1.01315 

               

  'OO1' 'LAM2' 'S1' 'M1' 'J1' 'MM' 'SSA' 'SA' 'MSF' 'MF' 'RHO' 'Q1' 'T2' 'R2' 

Speed 16.1391 29.4556 15 14.4967 15.5854 0.54437 0.08214 0.04107 1.0159 1.09803 13.4715 13.3987 29.9589 30.0411 

Period 0.92942 0.50924 1 1.03472 0.96244 27.5546 182.621 365.242 14.7653 13.6608 1.11346 1.11951 0.50069 0.49932 

Amp 0.00129 0.04619 0.01305 0.01144 0.00446 0.01398 0.05571 0.12417 0.01756 0.01665 0.00764 0.02686 0.01981 0.00655 

Phase -2.4683 1.45564 -1.4892 -2.1314 -0.6258 -2.5464 -0.701 -0.2345 2.30968 1.99661 -0.2548 -2.6444 0.19237 -2.087 

               

  '2Q1' 'P1' '2SM2' 'M3' 'L2' '2MK3' 'K2' 'M8' 'MS4' 'N'         

Speed 12.8543 14.9589 31.0159 43.4762 29.5285 42.9271 30.0821 115.936 58.9841 0.00221         

Period 1.16693 1.00275 0.48362 0.34502 0.50798 0.34943 0.49863 0.12938 0.25431 6798.37         

Amp 0.00317 0.03836 0.03411 0.0783 0.09385 0.02315 0.09208 0.02038 0.13465 NaN         

Phase 0.82406 -2.8522 -0.9445 -2.5536 -2.7395 -0.408 -2.5673 -0.9084 1.45215 NaN         
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Appendix 2  

Data and results review and comparison with Blackman (2002) 
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A2.1 Data Comparison 

Blackman (2002) used the same hourly 1979-1980 POL and fifteen-minute 1998-2001 data for 
Greenock, and the same hourly 1998-2001 data for Renfrew as used in this study. The 2017-2020 Peel 
Ports data for Greenock was not available at the time of the Blackman (2002) study. 

Blackman (2002) also included the use of 115 annual maximum water level observations (1882-2001) 
from Broomielaw, located along the River Clyde in Glasgow city centre. The source of these data are 
unknown, and were not available for this study. Annual maximum data also cannot be used in joint 
probability analyses which require concurrent, simultaneously occurring, events.  

A2.2 Data Sensitivity Comparison 

To assess the relative quality of the data, a data sensitivity analysis was undertaken to compare the 
various observational datasets used at Greenock in this study (1979-1980, 1998-2001 and 2017-2020) 
with results, where applicable, compared to Blackman (2002).  

Table A2.1 shows the summary statistics for all individual observational datasets used in this study, 
compared to the statistics reported in Blackman (2002). Length of record and percentage of missing 
data was not reported in Blackman (2002). Comparative cumulative density function distributions for 
all individual datasets used in Blackman (2002) and this study are also shown in Figure A2.1 for 
Greenock. 

Table A2.1: Residual storm surge statistics for Greenock 
 

Statistic 1979-80 1998-2001 2017-20 Blackman 
(2002) 

(1979-80 
and 1998-
2001 only) 

This study 
(all data) 

Standard Deviation (m) 0.22 0.29 0.22 0.21 0.26 
Skewness 0.83 0.26 0.87 0.43 0.39 
Kurtosis 5.87 3.55 5.66 5.87 4.46 
Maximum (m) 1.66 2.19 1.53 1.97 2.19 
Minimum (m) -0.84 -1.18 -0.93 -0.93 -1.18 
Length (hours) 8784 32094 26564 - 67442 
NaN (hours) 166 2724 0 - 2890 
NaN (%) 1.9 8.5 0.0 - 4.3 

 



Tidal Storm Surge Residuals and Extreme Still-Water Return Periods at Greenock and Renfrew, River Clyde 
University of Strathclyde – GR001a 

31 
 

 

Figure A2.1: Cumulative density function distributions at Greenock for all individual datasets used in Blackman 
(2002) and this study compared to all datasets combined (purple line) 

The individual cumulative density functions in Figure A2.1 illustrate a clear sensitivity of the extreme 
value probabilities to the relatively short dataset lengths when estimating across the different data 
components at Greenock. This is also seen in the kurtosis values in the residual statistics. The standard 
deviation, skew and kurtosis is significantly different for 1998-2001 compared to the other datasets 
(Table A2.1), however, indicating that it this may be the least reliable dataset even although it is the 
largest component. This is also reflected in the percentage of NaN values, which has the largest 
percentage of missing data.  

While these statistics confirm known issues with estimating long return periods from short observed 
datasets, when combined (as shown by the purple line in Figure A.2.1), the combined record may be 
long enough to merit their use. 

A2.3 Data Cleaning Comparison 

It is not possible to directly compare the Blackman (2002) cleaned data against the cleaned data used 
for this study as the Blackman dataset is not available. Having been processed with similar methods, 
the data used in this study are presumed to be similar, although some differences may exist due to 
different processing methods.  

The limited amount of information provided in Blackman (2002) detailing data cleaning methods used 
therefore means that results from this study could not be easily be compared to Blackman (2002) 
study. For example, it is not known how many data points were removed for the data used in the 
Blackman study. The overall quality of the Blackman (2002) dataset cannot therefore be compared 
without viewing a copy of the data used. 
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In the Blackman (2002) study, observation data was also processed and edited using BODC’s Edteva 
software to remove and interpolate errors and irregularities. This software is no longer supported for 
use by the BODC.  

A2.4 Methods Comparison 

Computed estimations of extreme still-water return levels at Greenock and Renfrew were last 
reported in Blackman (2002), which used the direct methods (AMM and RLM). These methods are the 
same as described in Section 2 of this report.  

At the time of the Blackman (2002) study, the use of statistical dependence in joint probability 
predictions had not been widely explored, nor adopted as standard practice. These methods became 
more widely adopted in the mid-2000s after significant efforts to standardise methods and create best 
practice documentation (Svensson and Jones, 2003; Hawkes et al., 2005; DEFRA 2005a). 

A2.5 Results Comparison 

Tidal Levels 

Tidal harmonics statistics were not presented in Blackman (2002), so it was not possible to compare 
the original and updated resultant statistics. However, the calculated tidal harmonics statistics are 
deemed unlikely to differ significantly between these studies as the same harmonic analysis methods 
has been applied to the same data and the values compared to Admiralty Chart data. 

Storm Surge 

The probability density function distributions for the residual storm surge levels are shown for 
Greenock in Figure 3 and Renfrew in Figure 4 of this report. The corresponding summary statistics for 
these probability distributions are shown alongside the Blackman (2002) analysis for Greenock and 
Renfrew below:  

Table A2.2: Residual storm surge probability density function statistics for 
Greenock compared to Blackman (2002) 

 
Statistic Blackman (2002) This study 

Standard Deviation (m) 0.21 0.26 
Skewness 0.43 0.39 
Kurtosis 5.87 4.46 
Maximum (m) 1.97 2.19 
Minimum (m) -0.93 -1.18 

 
Table A2.3: Residual storm surge probability density function statistics for 

Renfrew compared to Blackman (2002) 
 

Statistic Blackman (2002) This study 

Standard Deviation (m) 0.29 0.30 
Skewness 0.55 0.65 
Kurtosis 6.31 5.05 
Maximum (m) 2.88 2.00 
Minimum (m) -1.22 -1.69 
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Standard deviations of the probability density functions calculated for both Greenock and Renfrew 
are slightly higher than presented in the Blackman (2002) study. This is thought to be due to 
differences between the cleaned input datasets used (see Section 4.1). Minimum and maximum 
values presented for both Greenock and Renfrew also differ from those presented in the Blackman 
(2002) study, again likely due to differences between the cleaned input datasets used.  

Similar skewness observations were made in the Blackman (2002) study. Kurtosis values were also 
found to be similar to those presented in Blackman (2002). 

Extreme positive surge residual return periods estimates were made using the POT method, with a 
threshold value of 3! being used (as per the Blackman (2002) study). Results are presented below for 
Greenock (Table A2.4) and for Renfrew (Table A2.5) against results presented in Blackman (2002).  

Table A2.4: Extreme positive storm surge residual return period 
estimates at Greenock using a POT method compared to Blackman 

(2002) 
 
Return Period 

(years) 
Blackman (2002) 

(Height, m) 
This study 

(Height, m) 
1 1.41 1.47 
2 1.53 1.58 
5 1.70 1.74 

10 1.82 1.85 
20 1.94 1.96 
50 2.11 2.12 

100 2.23 2.23 
250 2.40 2.38 

 
Table A2.5: Extreme positive storm surge residual return period estimates at 

Renfrew using a POT method compared to Blackman (2002) 
 
Return Period 

(years) 
Blackman (2002) 

(Height, m) 
This study 

(Height, m) 
1 2.01 2.16 
2 2.19 2.36 
5 2.43 2.51 

10 2.60 2.66 
20 2.78 2.86 
50 3.02 3.01 

100 3.17 3.16 
250 3.43 3.21 

 

Surge residual return periods estimated for Greenock are similar to the estimations presented in 
Blackman (2002), with values for most return periods matching within 5 cm. The differences observed 
are to be expected due to the slightly different probability density functions calculated from the 
available observation data.  



Tidal Storm Surge Residuals and Extreme Still-Water Return Periods at Greenock and Renfrew, River Clyde 
University of Strathclyde – GR001a 

34 
 

Surge residual return periods estimates for Renfrew, again closely match estimations presented in 
Blackman (2002), with values for most return periods matching within 10 cm, with differences 
expected due to the different probability density functions calculated from the observation data.  

Extreme Still-Water Return Period Estimates 

The calculated extreme still-water return period estimates were found to differ slightly with those 
calculated in the previous Blackman (2002) study at both Greenock (Table A2.6) and Renfrew (Table 
A2.7). Results from this study are presented alongside the results from the Blackman (2002) study 
using the same methods. Additional return periods (200-year, 500-year and 1000-year) were not 
reported in Blackman (2002). 

The difference between the results of this study and the Blackman (2002) analysis, most notably at 
Renfrew, are likely to be caused by differences in methods used to clean and interpolate the observed 
data, as well as the sensitivity of the short datasets to the inclusion/exclusion of historical tidal events. 
Transparent data analysis methods and full results from all elements of the Blackman (2002) study 
were not available to this study, it is therefore not possible to confirm precisely why the two sets of 
results differ. The addition of the 2017-2020 Peel Ports data for Greenock contributed to extreme still-
water return period estimates being generally 5-10 cm lower than estimates made without this new 
data (not shown). This value may be taken as a refinement over the Blackman (2002) estimates. 
However, we note that even with the inclusion of the additional 2017-2020 Peel Ports data, the 
Greenock dataset remains very short and therefore highly sensitive to the inclusion/exclusion of 
historical tide and surge events and data processing and cleaning methods. 

Table A2.6: Extreme still-water return period estimates for Greenock using 
JPM assuming statistical independence compared to Blackman (2002) 

 
Return Period 

(years) 
Blackman (2002) 
(Height, mAOD) 

This study 
(Height, mAOD) 

2 3.03 2.95 
5 3.26 3.15 

10 3.43 3.29 
20 3.59 3.44 
50 3.76 3.63 

100 3.86 3.78 
250 3.98 3.97 

 
Table A2.7: Extreme still-water return period estimates for Renfrew using JPM 

assuming statistical independence compared to Blackman (2002) 
 

Return Period 
(years) 

Blackman (2002) 
(Height, mAOD) 

This study 
(Height, mAOD) 

2 3.82 3.49 
5 4.30 3.79 

10 4.58 4.01 
20 4.88 4.23 
50 4.97 4.52 

100 5.07 4.74 
250 5.19 5.04 
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