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Executive summary  

High flood levels on the lower Avon River in Christchurch can be caused by high river 
discharges, and high sea levels or both. High sea levels can be caused by astronomical tide 
conditions, and other influences of sea level collectively referred to here as storm surge. Storm 
surge is predominantly driven by low barometric pressure weather events but can be also driven 
by wind and long wave conditions as well as secondary influences such as seasonal 
temperature variation.  

More upstream the rainfall will be more important. This importance gradually shifts to high sea 
water levels at more downstream locations. High discharges are caused by large rainfall. These 
rainfall events often coincide with a low barometric pressure, which causes the sea water level 
to be elevated. When both these meteorological conditions occur at the same moment the water 
levels along the river might be elevated such that it results in a combined flood risk for the 
surrounding areas, higher than would be expected from only the rainfall or sea water level. 
Assuming independence between these two boundary conditions would result in an 
underestimate of the water levels on Avon River. To date expert engineering judgement has 
been used to estimate dependence between these two conditions and determine rules for 
hydraulic modelling of flood risks. 

A more substantiated quantification of the probability of coincidence will lead to a better rule for 
setup of hydraulic modelling and better estimate of flood risks along the Avon River. It is 
expected that there is some correlation between the two; the question is however the magnitude 
of this correlation and its effect on the river flood level risks? 

To answer this question the statistical relation between rainfall and surge is analysed. Surge is 
defined by the difference between measured water level and (predicted) astronomical tide. With 
this quantified relationship boundary conditions are estimated, for combinations of high sea 
water level and extreme rainfall that would occur once in 10, 50 or 200 years.  

To get these results, a number of analyses are carried out: Data availability and quality, sea 
level rise, wind effects on the estuary and non-stationary extreme sea water level analyses, are 
all required prior to correlation between rainfall and surge, joint event ARI analysis and finally 
the resulting boundary conditions. Each of the following paragraphs gives a short overview of 
the actions and conclusions. 

Data. What data are available, and what is their quality? In quality checks for (sea) water level, 
rainfall, wind, and flow data are analysed and corrected if appropriate. Especially the sea water 
levels are important for this study, so additional effort is put into selecting the best and 
enhancing the quality of these measurements in order to get reliable results for sea level rise, 
extreme sea levels, surge and tide. 

Relative sea level rise. The measured sea level rises every year a bit, the question is however 
what the long-term rate of sea level rise is? This is partly important for adjusting historical 
measurements to a comparable ‘if they happened today’ basis for the extreme value analysis. It 
also provides insight in how the boundary conditions (and subsequently the flood risk) might 
change in the coming years. This result also enables comparison of recent history with global 
projection models near future predictions. The best estimate from the analysis is that the rise in 
mean sea level from 1990 to 2020 has been 120 mm in total, resulting an average of 4 mm per 
year. This is illustrated in the SLR1 trend in Figure 1 below. 
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Figure 1 Linear trends in relative sea level rise in monthly averaged water 

levels at Lyttelton  

Wind effects on estuary. Between Bridge Street and Ferrymead Bridge the observed water 
level differences seem unexplained by just the wind measurements. In this analysis a 
correlation analysis on the water level, wind and river flow measurements is performed. The 
main result is that both gauges seem to be shifted vertically from time to time, which disturbs the 
physical relation. When these shifts are corrected the water level differences seem to be well 
explained by a mainly south-southwest component of the wind. 

Extreme value analysis of the sea water levels. For determining the magnitude of extreme 
sea water levels in the boundary conditions, it is necessary to have an estimate for the height of 
infrequent sea water levels. We need at least an estimate for a 200 ARI sea water level to 
derive extreme boundary conditions. To get these, extreme value distributions are fitted to the 
measured data and extrapolated. An exponential distribution fitted to the observed peaks gives 
the best estimate for extreme sea levels. This is the first-time historic sea level events have 
been adjusted for sea level rise trend. The new results are materially different to precedent work 
and consistency across the various sites is improved. 

The figures below (Figure 2) compare the final results with the results of the extreme value 
analysis with the previous work. In general, the extreme value distributions derived in this study 
have slightly flatter slopes, because of the sea level rise correction. This correction also results 
in increased sea levels, at lower ARIs, but the magnitude differs at each site. 
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Figure 2 Comparison of Peaks over Threshold Sea Level results with Goring  

Correlation analysis rainfall and surge. The correlation between rainfall and surge is 
quantified with observations and classifications of Kidson weather patterns. The resulting 
correlation model estimates the probability distribution of the surge for any given rainfall event 
depth, for a selected rainfall duration. The surge distribution has the highest values for rain 
events in the 2-10yr ARI region, dropping close to a small positive mean surge for larger ARI 
rain events. The surge distribution effect is strongest in the longer 24 hrs rainfall duration and 
weakest in the short 2 hrs rainfall duration. For 24 hrs rainfall duration at 80mm rainfall depth 
the mean surge is 200mm and the 95th% surge is 400mm (80mm rainfall is depth where the 
surge distribution is most elevated). 

Joint Event ARI . Extreme joint event ARIs are estimated based on the three components: 
extreme sea levels, extreme rainfall and the correlation between rainfall and surge. Since two 
variables are classified for the joint event ARI (sea water level and rainfall), there is no single 
combination that is relatable to a 10, 50 or 200 ARI events. Rather, there are an infinite number 
of combinations that are 10, 50 or 200 ARI probable events. These combinations are depicted 
by the lines of equal probability in this chapter. The lines show a convex shape. If there would 
be no correlation, between rainfall and surge the lines would all be straight diagonal lines. The 
correlation causes the lines to be convex as illustrated by example on Figure 3 below. 
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Figure 3 Diagram for 200-year  ARI 24 hr - joint event contour lines and scaled 
contour lines 

Boundary Conditions. Having quantified the frequency of occurrence of joint rain and sea level 
events, challenges remain in selection of model boundary conditions as the ideal strategy would 
require a high number of model runs, to cover the full range of joint events that could occur 
below a certain ARI threshold. Being practical requires selection of preferably two or three 
model run setups, and this simplification involves significant compromises in the results and 
choices as to which compromises are more acceptable.  

From the joint probability results, choice of symmetry and avoidance of any unconservatism 
(allowing conservatism) we pick a new pairing rule recommended to replace the current two 
point rule. The recommended rain/sea event ARI paired values for long duration rain events (6hr 
duration and above) are shown in Table 1, and compared to the previous pairings. 

Table 1 R ecommended rain/sea event ARI paired values for long duration rain 
events, compared to previous pairings 

Joint Event ARI (years) 10 year 50 year 100 year 200 year 

Historic (1/10th rule) 1 5 10 20 

Now recommended for long duration 
(rain >= 6 hrs) 

2 7 10 13 

Our recommended rule will increase some 10yr flood levels and reduce some 200yr flood 
levels, with no change in the 100yr flood levels. We also discuss options to adopt three-point 
rules where greater accuracy and less compromise is justified, as well as rules which are not 
fully conservative but rather have some mixed conservatism. 

There is significant potential still ahead for Council in developing further understanding from this 
initial study. After we conclude with our formal recommendations for adoption, we list several 
opportunities for such further work in chapter nine of this report. 
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1. Introduction

1.1 Introduction 

Christchurch City Council has been working for many years on developing their understanding 
of flood risks in Christchurch. As part of this effort, GHD has been providing Council with advice 
and support by developing a range of numerical models. The quality of the output of the models 
is improving over time and the results have supported Council in numerous ways, ranging from 
developing policies to understanding the complex tidal systems that influence significant areas 
of Christchurch.  

Currently GHD is working on the Multi-hazard study, assessing a range of mainly coastal 
focused flooding hazards that pose a risk at present and in the future to the residents of 
Christchurch. As part of this study, it was important to consider how the risks of river and tidal 
flooding coincided so as to better understand and ultimately model using hydraulic models, the 
joint flood risks in transition areas significantly subject to both risks. Some initial work was 
carried out and reported by NIWA (ref 1.). This study significantly advances on that initial work. 

1.2 Purpose of this scope of work 

The scope for this project was divided in various packages to enable Council to proceed if the 
results of a package were satisfying in terms of evidence that correlation could be proven to be 
significant. 

The scope of this report is to present the findings of the various steps that were taken during 
this project. The steps were divided into separate work packages and finished by presenting the 
findings during workshops with Council. 

As part of these work packages GHD and HKV: 

�y Analysed historical measurements of wind, rainfall, barometric pressure and water levels
from various locations in Christchurch and in Lyttelton.

�y Analysed correlations and patterns in the available data to present trends

�y Analysed historical weather patterns influencing short- and longer-term variations in those
measurements

�y Analysed available literature describing similar analysis and liaising with the authors of
the papers to fully understand their assessment

�y Drafted a statistical (correlation) model that describes the joint probability of rain and
storm surge events for the Christchurch area

�y Determined extreme value relationships for various gauged sea level locations to inform
the probabilistic model

�y Determined extreme value relationships for rain events in some gauged locations to
inform the probabilistic model

�y Determined long-term sea-level movements to determine potential sea level rise and
acceleration

�y Determined the correlation between rain and storm surge events

�y Determined the individual and joint probabilities of these events

�y Determined combinations of rainfall and tide conditions for various locations in
Christchurch which satisfy a given statistical probability (for 10, 50, 200-year ARI).



1.3  Goal of the project 

The goal of this project is to prove that there is a correlation between the pluvial and tidal flood 
events in Christchurch and to present a method and results that can be used for future 
assessment of those events.  

1.4  Structure of the report 

Each of the chapters in this report are supported by more detailed descriptions, calculation 
methodology and graphs in the appendices. There is a one to one, chapter to appendix 
relationship as tabulated below. 

Table 2 Structure of the report and appen dicies 

Chapter Name Appendix 

2 Data A, D 

3 Relative sea level rise B 

4 Wind effect estuary C 

5 Extreme Value Sea Level Statistics E 

6 Correlation analysis F 

7 Joint event ARI analysis G 

8 Model boundary conditions - 

Readers are recommended to read the main body of the report sequentially or according to 
interest, noting that later sections often rely on conclusions presented in the earlier sections. If 
there is a particular area where a more detailed understanding is sought, then refer into the 
associated appendix for the additional reading.

Note that primary authorship of Chapters 2-7 is led by HKV, (except for Section 3.3 Absolute 
Sea Level Rise). Primary authorship of all other parts of the report is led by GHD. GHD and 
HKV have each provided assistance and feedback on sections which they are not the primary 
author. Respective report QA signoffs from each organisation apply to the areas of primary 
authorship. GHD signoff as contractual lead also confirms our satisfaction that HKV have 
completed suitable QA of their contribution.

For HKV this report has been reviewed and signed off by Prof. dr. ir. Matthijs Kok. Matthijs is 
Professor of Flood Risk at Delft University and holds a MSc degree of Applied Mathematics 
from the Twente University (1981) and a PhD degree of Operations Research from the Delft 
University of Technology (1986).

Additionally, the report has been reviewed by Christchurch City Council’s Peer Review Panel 
�I�R�U�� �W�K�H�� �0�X�O�W�L�� �+�D�]�D�U�G�V�� �V�W�X�G�\. �:�H�� �W�K�D�Q�N�� �W�K�H�� �S�D�Q�H�O�� �I�R�U�� �W�K�H�L�U��cooperation, enthusiasm and 
contributions during the project*.
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1.5 Ter minology  

Table 3 Terminology  

Term (NZ) NL Description 

ARI T Average Recurrence Interval is the average time period in years 
between events of a certain size e.g.: flood flow, flood level, 
rainfall depth, peak tide level) 

AEP  Annual Exceedance Probability is the probability of a certain 
size event being equalled or exceeded in a single year – in 
common applications AEP is the inverse of ARI 

HIRDS  High Intensity Rainfall Design System developed by NIWA and 
able to be used to estimate the magnitude and frequency of 
high intensity rainfall at any point in NZ, currently in version 4. 

WWDG  Waterways, Wetlands and Drainage Guide outlining the 
Christchurch City Council’s waterways and wetlands philosophy 
and stormwater quality and quantity design guidelines 

CDD  Christchurch Drainage Datum 

LVD37  Lyttleton Vertical Datum (MSL) 1937 

MSL  Mean Sea Level 

Boundary 
conditions 

Load 
variables 

Input conditions for a hydraulic model, often time and space 
varying, such as rainfall, sea level, groundwater level, wind 
speed and direction 

Result 
location point 

 A location at which hydraulic model results are selected and 
exported to the statistical database. 

Statistical 
database 

 A database primarily containing hydraulic model results along 
with associated model setup parameters and reference 
information such as x, y of result locations. 

Hydraulic 
model 

 A deterministic computational model simulating real life water 
flows based on numerical approximations to fundamental 
equations describing the flow of water. For example, the 
Avon/Estuary hydraulic model. 

Statistical 
model 

 A mathematical model that provides a relationship between a 
set of random and non-random variables  

Design 
point(s) 

 In plural design points are a set of boundary conditions which 
cause the same flood level. Each condition has a measure of 
probability from which the most probable condition(s) can be 
selected as a particular design point for further analyses. 

Extreme 
value 
analysis 

 A statistical modelling tool used to estimate the likelihood of 
occurrence of an extreme event based on observed/measured 
data 
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Term (NZ) NL Description 

EV  Extreme Value 

NSEV  “Non-Stationary”. A more general extreme value analysis where 
the underlying variable is not assumed to be stationary 
(statistically the same mean and variance) over time. 

RMSE  Root Mean Squared Error – statistical measure of goodness of fit 
for a trend relationship fitted to measured or observed real life 
data 

POT (PoT)  Peak over threshold. One method of selecting peak values from 
a time series for extreme value analyses. 

Location 
parameter 

 For POT extreme value analysis this is the value at the ARI = 1 
yr position (in this report meaning sea level, in CDD datum) 

Scale 
parameter 

 For POT extreme value analysis this is the slope of the fitted 
extreme value trend line defined using the natural log of the ARI 
value 

SLR  Sea Level Rise 

Sea level 
rise (relative) 

 Sea level rise as measured relative to the adjacent land mass 
(typically a cluster of survey benchmarks). If the land mass is not 
moving, then this equates to absolute sea level rise. 

Sea level 
rise 
(absolute) 

 Sea level rise as measured relative to a known stationary datum. 
In modern times this has typically been established from satellites 
which are independent of any land movement. 

Bi-linear sea 
level rise 
analysis 

Trend 
break 
analysis 

Linear sea level rise analysis where the slope (rate of rise) is 
allowed to change at some point in history 

Astronomical 
tide 

 The contribution of planetary motions to the sea water level. The 
astronomical tide is the sum of the tidal constituents. 

Fitted tide  The fitted or predicted tide is determined by fitting a number of 
known tidal constituents to the measured sea water level. If this 
fitting process is done correctly (which depends on the quality of 
the measured data), it results in a number of tidal constituents 
than can be summed towards the predicted astronomical tide. 

Predicted 
tide 

 Similar to fitted tide. The term is more used for future tide 
predictions. 

Surge  The surge is the difference between the sea water level and the 
astronomical tide. In practice this becomes the difference 
between the measures sea water level and the fitted 
astronomical tide. For Christchurch the main component in the 
surge will be the barometric pressure, but it can also be caused 
by for example seasonal temperature differences in the sea 
water level. 



 

GHD | Report for Christchurch City Council - LDRP097 Multi-Hazard Baseline Modelling, 125/31791/00 | 5 

Term (NZ) NL Description 

EQ  Earthquake 

VLM  Vertical Land Movement 

cGPS  continuous Global Positioning System – used to monitor ground 
level continuously over long periods to identify VLM 

FIG waves  Far Infra-gravity waves. An ocean water level phenomenon 
typically with a wave period of 1-20 minutes, in our study 
significant at Sumner Head. 

 

1.6 Assumptions and limitations  

There are a number of limitations and assumptions inherent in this work which the reader 
should understand and for which the author does not accept responsibility.  

The analyses presented herein are variously dependant on the quality of measured data 
collected by Council and others. We have carried out limited data quality inspection and, in 
many cases, found cause to adjust, delete, fill gaps or otherwise improve the data quality. The 
inspection processes are not exhaustive, and some types of data quality issues are not 
discoverable from our inspection processes. In many cases corrections are inferred, different 
inferences are often possible, and it is not practicable to quantify confidence in our chosen 
inferred understanding in adjusting the raw data. From our inspection we did discover data 
quality issues which reduce confidence in certain results or have influenced decisions about 
which data to select for our analyses.  

From our inspections, we did not find any material issues or concerns with the data quality that 
was used to derive the Lyttelton sea level rise findings, Sumner extreme value findings, rainfall 
data or the resulting correlation model and conclusions on joint event probability for the Avon 
catchment. 

Throughout evaluations presented in this report we assume stationarity of rainfall frequency, 
wind distribution and stationarity of sea level variability (variations from mean seal level).  
Assumed stationarity means that these variables do not change over time and we do not 
consider the possibility nor implications should they exhibit change over time trends. 

In the joint probability analysis, the above also implies an assumption of stationary (non-time 
varying) multivariable correlations. 

Similarly, HIRDSv4 rainfall statistics which are used herein assume stationary statistics and 
because it uses data periods of different lengths for different sites its conclusions could be 
sensitive to any actual non-stationary rainfall frequency characteristics. 

We also rely somewhat on the assumption of historical non-time varying (stationarity) of flood 
water level frequencies at Gloucester St and at PS205. This level data is only used to identify 
dates of interest and so the sensitivity of our findings to anthropogenic changes in flood level 
response to rainfall is expected to be minimal. 
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2.  Data  

2.1 Introduction 

The statistical analyses in this report are based on measured data. This chapter outlines the 
data used. Section 2.1 shows the water level, wind and rainfall data. Section 2.4 describes the 
analysis of the data quality and any corrections made to the data, the water level measures for 
Lyttelton and Sumner in particular. Section 2.5 describes the data sources used in the analysis 
for Lyttelton and Sumner. Section 2.6 discusses rainfall data. 

2.2 Overview of data  

This analysis uses water level (sea, estuary and river levels), rainfall, wind and barometric 
pressure data from various locations across Christchurch: 

�y Sea water level measurement at Lyttelton and Sumner Head are the primary data source. 
These measurements are used in the Sea Level Rise analysis (Chapter 2.6), the extreme 
value analysis (Chapter 5) and the Correlation analysis (Chapter 6). The data are 
provided by NIWA, LINZ and John Hannah. These data are extensively checked and 
corrected such that the quality is improved for use in this study (also see section 2.1, 2.4 
and Appendix A). 

�y Additional water level measurements at Styx, Avon (Bridge Street) and Heathcote 
(Ferrymead Bridge) are used in the extreme value analysis (also see Chapter 5).  

�y Wind speed and direction data from Living Earth, discharge and water level data at 
Bridge Street and Ferrymead Bridge are used in the analysis of wind effect in the estuary 
(Chapter 3.3). 

�y Rainfall data from seven stations in and around Christchurch are analysed (also see 
section 2.6). The data and statistics from the station of Christchurch Botanical Gardens 
are used in the correlation analysis (Chapter 6). 

The following tabulates all the data locations and types used in this project. Most data was 
supplied to GHD by Council, from NIWA (Kathy), unless otherwise noted. 
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Table 4 Data sites list  

Site no. Name Type Start date Source Data 
availability 
[%]  

66440 Styx River at Tide Gates Level 10/7/1990 NIWA 93 

66602 Avon at Gloucester St Br Level 
& Flow 

7/7/1980 NIWA 87 

66605 Heathcote at Ferrymead 
Bridge 

Level    1/1/1974 NIWA 94 

66611 Avon at PS205 Level    21/8/1987 NIWA 93 

66634 Avon at Bridge St Level    18/9/1997 NIWA 93 

66670 Avon at Fitzgerald Ave Level 16/5/2016 NIWA 100 

66699 Sumner Head NIWA Sea-
level 

3/6/1994 NIWA 98 

GHD3 Sumner LINZ Sea-
level 

11/8/2010 LINZ 99 

 Lyttelton Port   LINZ 98 

 Lyttelton Port   John 
Hannah 
(monthly) 

94 (monthly 
values) 

66680 Lyttelton Port Sea-
level 

30/6/1903 NIWA 89 

324610 Firestone Factory, Papanui Rainfall 1/1/1981 NIWA 94 

325616 Christchurch Botanical 
Gardens 

Rainfall 1/1/1962 NIWA 100 

325617 Avon at PS205 Rainfall 1/1/1987 NIWA 100 

4843 Christchurch Aero Rainfall 1/1/1955 Cliflo 100 

324607 Styx at Lower Styx Road Rainfall 1/1/1987 NIWA 100 

325603 Shirley rain gauge Rainfall 1/1/1940 Cliflo 96 (daily 
values) 

325507 College of Education Rainfall 1/6/1964 NIWA 100 

37654 Brighton Pier Wind 27/8/2009 NIWA 93 

43967 Bromley Wind 23/10/2019 Cliflo 95 
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Site no. Name Type Start date Source Data 
availability 
[%]  

GHD1 Living Earth, located at the 
Eco Drop metro transfer 
station 

Wind 1/4/2015 Living 
Earth 
(via 
Graham 
H) 

99 

66697 Sumner Head barometric 
pressure 

Baro 8/3/1996 NIWA 100 

4843 Christchurch Aero Baro 1/1/1960 Cliflo 100 

2.3 Data availability  

The most critical data for our analysis was sea level and estuary level data. The distribution of 
sites was generally satisfactory however it would have been advantageous to have had longer 
histories of measured data to better support estimation of the probabilities of high extreme sea 
levels. 

Rainfall data was relatively plentiful for this analysis. The number of gauges available for the 
earlier historic period used in the correlation analysis was a minor weakness, but given the 
typically high uniformity of rain on the catchment and the moderate sensitivity to individual event 
measurements in this process, the rainfall data posed no material concerns. 

Barometric pressure data seemed to be suitable for this analysis with coverage back to before 
1962 which was chosen as the beginning of the key correlation analysis. A longer record would 
have helped marginally with the sea level rise analysis.  

Wind data was somewhat sparse, fragmented over time and with varyingly significant influences 
of local topography. While only the Living Earth wind data was used for this preliminary 
assessment, other potentially useful wind data is available and we have tabulated the two 
highest relevance sites for future reference. We also note potentially useful records from 
www.windfinder.com including the Mt Pleasant Yacht Club as well as private wind gauges. The 
NZ Met service also collects and presents private wind data using WOW (Weather Observations 
Website) at www.metservice.com/maps-radar/weather-stations/nz. 

We note that the Living Earth wind site has a short mast and is close to significant buildings and 
vegetation so its measurement may not well reflect local clear air wind conditions. We 
recommend further work on the wind assessment to consider and compare multiple sites to 
enable data QA and to use a longer data time period. Eventually it would be desirable for the 
joint water level risks at Bridge St to include an explicit statistical allowance for wind setup. 

2.4 Sea level data quality and corrections  

The Lyttelton and Sumner sea level data are the most important data sources for this study. The 
water levels are important for the correlation analyses and for the estimates of sea level rise. 
Several sources of (partly overlapping) data are available. All have some errors in them. 
Therefore, the overlapping parts have been visually checked and corrected. Data sources for 
other stations (wind, water level, discharge, rainfall) have also been checked before the 
application in the analysis. This process is described in the appendix. 

The following data sources are available for Lyttelton and Sumner:  
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1. Sumner tide gauge measurements from NIWA, from mid-1994 onward. 

2. Sumner tide gauge measurements from LINZ, from mid-2010 onward. 

3. Lyttelton tide gauge measurements from NIWA and LINZ, from 1924 on an hourly basis. 
The data is measured by the Lyttelton Port Company, stored and processed by LINZ. The 
pre-1924 data is not used in the analysis as the data in period is considered to unreliable 
(and considerations on the data are unknown). 

4. Lyttelton monthly averages from John Hannah.  

The data of John Hannah is considered as the most reliable source in terms of datums and 
corrections as this data has already undergone quality analysis and correction by John Hannah 
(which is logged). This data is however not present in the most recent years and higher 
resolution (hourly) data is available from LINZ. For the hourly and higher frequency data, LINZ is 
the official custodian and reliable data source with NIWA only holding some data on the request 
of CCC and having no associated records of reliability nor correction status. 

The process of data checks involves comparison and corrections to the data using the three 
sources of data for Lyttelton (LINZ, John Hannah and NIWA) and aims to construct a single data 
series for the time period from 1962 to date. The comparisons and corrections includes (1) 
Removal and interpolation of missing values, (2) visually inspection and removal of invalid data 
from the time series - see Figure 4 for an impression, (3) corrections basis based on John 
Hannah’s log and (4) evaluation the different data sources in recent years. The full procedure is 
described in Appendix A. 

 

 

Figure 4 Example of bad data. The  grey part has been removed from the time 
series.  

After corrections the three data sources are compared (1) Sumner [NIWA data], (2) Sumner 
[LINZ data] and (3) Lyttelton. The comparison in Figure 5 shows:  

�y In the left plot Sumner (NIWA) is compared to Lyttelton. We observe that Sumner often 
has lower values than Lyttelton. These are the periods in which Sumner has consistently 
lower values. 

�y In the middle plot Sumner (LINZ) is compared to Lyttelton. The deviations are small, 
Lyttelton seems to be a bit higher on average.  

�y In the right plot Sumner (LINZ) is compared to Sumner (NIWA). Here we see the same 
effect of the lower values for Sumner (NIWA) as in the first plot.  

Lyttelton and Sumner (LINZ) gives the best agreement in data when considering all sea level 
observations.  
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Figure 5 Sea water levels for Lyttelton NIWA, Sumner LINZ and Sumner 
NIWA, plotted with scatters to each other.  

2.5 Conclusions for Lyttelton and Sumner  

The data at Lyttelton and Sumner are used for the extreme value analysis, the correlation 
analysis and the sea level rise analysis. For Lyttelton the data resulting for the corrections and 
checks described in section 2.4 is used. 

For the extreme value analysis, we need data that has good quality in the maxima. The 
temporary lowering of Sumner (NIWA) data is a point of concern in the analysis. However, the 
LINZ data is only available for a short time period. We therefore use Sumner (NIWA) for EV 
analysis at Sumner. The temporary lowering of data is likely also excluded in the peak selection 
process in the EV analysis. 

For the correlation analysis we mainly need consistent data (for estimating tide) with minimal 
bias (for estimating surge). Since Lyttelton data is available all the way back to 1960, the source 
has our preference for this purpose. If needed, missing periods could be filled by Sumner (LINZ) 
if available and Sumner (NIWA) otherwise. Continuous data with no gaps (gaps filled) is 
desirable for deriving the surge, but a modest frequency of data gaps is acceptable and has no 
material impact for the analysis of the tidal constituents, so a single data source with gaps 
unfilled is used for that. 

For the purpose of estimating sea level rise we need data with minimal biases. Sumner (NIWA) 
data has consistent lower periods and is therefore not preferred. This can partly be solved by 
using the Sumner (LINZ) data, but this is only available for 2010 and onwards. The Sumner 
results therefore have a higher level of uncertainty (also see Appendix B). 

2.6 Rainfall data 

Rainfall (or precipitation) data is used as a basis for the correlation analysis in Chapter 6. 
Rainfall stations in the Avon River catchment are therefore considered (Figure 6). These are: 

�y Firestone Factory, Papanui 

�y Christchurch Botanical Gardens 

�y Avon at PS205 

�y Christchurch Aero 

�y College of Education 

�y Styx at Lower Styx Road 

�y Shirley rain gauge. 
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The data is aggregated and missing values are filled. The measurement from the seven stations 
are subsequently combined using an area weighted average for rainfall in the Avon river 
catchment (Figure 7). This weighted time series is applied in the correlation analysis.  

Estimated catchment aggregate hourly rainfall back to 1962 is used for the correlation analyses. 
The only gauge which collects hourly data since 1962 is Christchurch Botanic Gardens, with 
some early data collected daily, and most sites data collection start more recently than 1962. 
The processes by which best estimates of catchment rainfall are derived from the available data 
are detailed in Appendix D. 

 
Figure 6 Rainfall gauges a round Christchurch for which historic time series 

are available. The r ed lines indicate the edge of the Avon catchment  

 

Figure 7 Weights in the averaging of the rainfall data.  

Given the large number of rain events used in this analysis, the conclusions here are relatively 
tolerant of possible rainfall data imperfections and details of the gauging. 
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2.7 Estuary level data quality  

During high tides, water level at the two-estuary water level monitoring sites (Avon Bridge Street 
and Heathcote Ferrymead) are expected to be similar other than during intermittent periods of 
wind setup. The estuary water level data supplied for these two sites however contained 
numerous exceptions, which were concluded to being evidence of some level measurement 
error. 

Council undertook a data review process and estimated a series of corrections to the data as 
described in Appendix section C.1. In the majority of this report, the raw data was used in draft 
reporting, but this has been replaced with corrected data in the final report. The uncorrected 
data remains is mainly relevant to Appendix section E.3, where it is used to demonstrate data 
consistency with Goring’s previous work on extreme sea levels.  

  



 

GHD | Report for Christchurch City Council - LDRP097 Multi-Hazard Baseline Modelling, 125/31791/00 | 13 

3.  Relative sea level rise  

3.1 Approach and results of relative sea level rise  

To assess the current flood risk to the city of Christchurch and to make substantiated 
predictions on future flood risk, it is important to know the historic rate of sea level rise. This 
information is used to correct for historic sea level rise in flood risk assessments of the current 
situation. It also provides an indication for the likely short to medium term prediction of future 
sea level for comparison with sea level rise projections. 

This analysis investigates if there is historic sea level rise, provides insight in the rate of rise and 
explores whether the rate of sea level rise is potentially accelerating. The analysis makes use of 
sea level measurement of the past century from the Lyttelton Port tide gauge. The relative sea 
level changes are investigated, this therefore also includes potential land settlement (captured 
in the measurements). Settlement should be subtracted from the result to find the absolute sea 
level rise.  

The analysis applies statistical techniques from the Dutch Sea Level monitor. This approach 
filters temporal physical components from the measurements to improve estimates of the 
average sea level for any given time period as much as possible. These physical components 
include i.e. tidal fluctuations, barometric surge, decadal oscillation patterns (IPO and ENSO) 
and season effects. Linear regression is applied to the residual signal to investigate potential 
trends. As the analysis focusses on long term patterns of sea level rise, we apply monthly 
averaging to further reduce noise.  

3.2 Results and conclusions on relative sea level rise 

The typical simple linear sea level rise trend is evaluated. Based on international literature three 
piecewise linear trend models are also evaluated (see Appendix B.4 for details of the trend 
models): 

�y SLR0: A linear increase of the relative sea water level for the period 1920 – 2020. 

�y SLR1: A trend break in 1990, resulting in accelerated sea level rise. 

�y SLR 2: A trend break in 1990 and a shift, resulting in accelerated sea level rise. 

�y SLR 3: A trend break in 2005. 

 
Figure 8 Linear trends in relative sea level rise in monthly averaged water 

levels at Lyttelton  
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Figure 9 Linear trends in relative sea level rise in monthly averaged high tide 

level at Lyttelton  

The analysis on sea level rise shows: 

�y All applied models show an increasing relative sea level over the period 1920 – 2020. 

�y The relative sea level rise rate of about 2 mm /year (1.85 – 2.25 mm/year in the analysis) 
in the 1920 – 1990 period, while in recent years (1990 to date) the rate is about 5 
mm/year (4-7 mm/year in the analysis).  

�y For Lyttelton the rate of mean sea level rise is about 70% higher than the rate of high tide 
rise over a 70-year period (based on SLR1: 1.07 mm year vs 1.86 mm/year). This 
difference implies that the tidal range may be increasing (as well as the mean sea level). 
Further analysis would be required to validate and understand cause(s) of this difference. 
Within this report we have little motivation to investigate further because the rate of sea 
level rise is only used to correct the historic sea level data for the extreme value statistics. 
We show in Section 5.6 (and Appendix section E.4) that our conclusions with respect to 
extreme values of sea level are insensitive to the choices of sea level rise trend (SLR1, 
SLR2, SLR3). This means for the purposes of this report, we do not need high confidence 
or a more exact conclusion on the sea level rise questions.  

�y The ‘1990 shift’ in SLR2 is slightly positive in the high tide results, in contrary to the mean 
level results where it is negative. Physically this model was already questionable, but due 
to this inconsistency between mean and high tide we will not use SLR2 for the remainder 
of this analysis. 

�y The SLR3 result is of interest due to its high rate of recent sea level rise, however the 15 
year duration of the trend analysis is too short to be considered reliable and we do not 
recommend it’s use for subsequent analyses either.  

�y The significance of the increased rate of sea level rise in the second portion of SLR1 is 
compelling so we do not recommend use of SLR0. This leaves SLR1 recommended as 
the preferred SLR trend. 

�y The most likely explanation for the differences between mean and high tide is that over 
the course of time the method of measuring changed a bit, which could lead to a gradual 
change in the measurements. In one of the earlier figures, we saw a drop in the low tide 
values after the data gap around 1990, which might support this possibility.  

�y Regardless of the significant and unquantified concerns with the Sumner NIWA sea level 
data sea level rise trends on this data were calculated and showed generally satisfactory 
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