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ABSTRACT

The use of historical sources and data to improve knowledge of past extreme events is no longer to be
demonstrated. Old quantitative and qualitative data on water levels available in non-digitized tidal charts, tide
gauge records, newspapers, city council registers, engineers’ reports, etc. can be used to reconstruct water levels
and skew surges that occurred during a storm. Data from primary and/or secondary historical sources require a
historical critical approach. This paper presents an interdisciplinary study that required a combined work
between historians, geographers, geologists and engineers. In this study, nine different variables that can lead to
uncertainties on the quantification of historical skew surges have been identified, such as tidal predictions, chart
datum references or the reliability of the historical data. Starting from the historical critical method developed by
historians over decades, we propose a three-step method to assess the quality of historical documents and define
their level of reliability. The method is applied to two case studies: the storm of 16™ November 1940 and the
storm of 15-16" February 1941. Interesting results are provided and the study shows that by paying attention to
the potential causes of uncertainties, by ensuring the reliability of historical sources and data through the use of
the historical documents quality method, by deepening historical researches and by combining different scientific
fields and methods, it is possible to reduce uncertainties and errors when quantifying historical skew surges.

1. INTRODUCTION

Over the past 20 years, at least four important storms causing seaflood, major impacts and deaths
(Lothar and Martin, 1999 ; Klaus, 2009 ; Xynthia, 2010) occurred on the French atlantic coast. These
events prove the necessity to implement an efficient historical reconstruction and analysis of past
storms, coastal floodings and skew surges over a longer period to better assess the risk associated to
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these extreme events in France. The use of historical sources and datasets to improve knowledge of

past extremes is no longer to be demonstrated [4] [8] [9] [11] [14] [15] [16] [19] [21] [23] [28] [29]

[32] [38] [45]. Moreover, a full knowledge on extreme events of the past is a key point, as much for
scientists, politicians, insurance companies, populations, as for industries.

Two variables commonly used to compare extreme floodings are the maximum water level
reached and the skew surge, which is the difference between the maximum observed water level and
the maximum predicted water level during one tidal cycle [25]. To estimate return periods, analysis of
extremes are performed on skew surges, as they are considered as integrated and unambiguous
measure of the storm surge [25]. Still, instrumental records cover only short time periods, which
makes the estimation of high return periods quite difficult. In order to extend these instrumental, also
called systematic data series, historical information are used [14] [15]. Old quantitative data water
levels, such as non-digitized tidal charts or tide gauge records, can be used to reconstruct water levels
and skew surges which occurred during a storm. Another useful information are data available in
primary and/or secondary historical sources such as post-disaster investigations, chronicles,
newspapers, city council registers, engineers’ report, water marks. A primary source is a document
written by a person who is contemporary with the historical event. It contains first information and
descriptions of the author who experiences the events. A secondary source is written by a non-
contemporary author who copies or draws inspiration from primary sources. The author, who has not
experienced the events of which he/she is speaking, produces a speech about it. These sources and data
are mainly qualitative and describe water levels reached regarding to constructions such as bridges,
quays, houses or dikes. In order to be used, these kinds of documents require a historical critical
approach [26] [35] [36] [37]. In fact, neglecting the historical critical method can lead to
misunderstandings, errors of interpretation, misleading information and/or false conclusions [47] on
the use of historical sources.

The paper, which aims to present an interdisciplinary work that required a significant skill sharing
between historians, geographers, geologists and engineers, is structured as follows : first we aim to
identify the causes of potential uncertainties on the quantification of historical skew surges, especially
in terms of precision and reliability. Secondly we propose a method to evaluate the quality of a
historical document. Finally we apply this method to two cases studies, for instance the storms of 16"
November 1940 and 15-16" February 1941.

2. DATA, METHODS AND UNCERTAINTIES ON THE COMPUTATION OF
HISTORICAL SKEW SURGES

As mentioned beforehand, systematic skew surges are obtained from systematic tide gauge data series
[10]. Historical skew surges are values that are obtained either from complementary instrumental
measurements or isolated observations or from written qualitative primary and/or secondary historical
sources and datasets [14] [15] [49]. The historical data used to compute historical skew surges also
includes isolated data points reconstructed during gaps in the systematic measurements, as storms can
partially or totally damage the tide gauge resulting in failure in sea level measurements [15] (Fig. 1).
Giloy et al. [19] propose a method to reconstruct historic water levels using the description of a
historical flooding and complementary information such as sketches of docks, sikes or sluice gates.
Both systematic and historical skew surges can contain bias and some challenges can lead to over or
underestimation of their numerical values.

2.1 Difficulties On The Computation Of Historical Skew Surges

In this study, nine different variables that can lead to uncertainties on the quantification of historical

skew surges have been identified. These “tricky variables™ are currently subject of different scientific

researches in order to be able to evaluate and take into account each one of them in our future studies.
These nine variables are:

1) Vertical land movements: the causes and the size of the vertical land movements vary from

place to place in a same area. Causes of these movements, as well as the spatial extent of

these ones are variable. For example, subsidence was estimated in 1968-1969 at 14 mm.yr"'
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2)

3)

4)

5)

6)

7)

8)

(millimeter per year) in Venice ; beside it is estimated today at 5 mm.yr" in the south and
north of the lagoon of Venice and at 1 or 2 mm.yr" in the center of the same lagoon [17, p.
43-44]. The vertical land movement will not be taken into account on the reconstruction of
past skew surges of this study. Nevertheless, in order to reduce uncertainties on the
reconstruction of past skew surges, the results of geological studies could be integrated in the
near future [43] [50] [52];

Tidal predictions: in order to estimate a tidal prediction, there is a need for tidal components.

These are obtained by harmonic analysis done on sea level observations. Currently, two

methods are proposed:

a) if contemporary tide gauge data is avaible, this data should be used in a harmonic analysis
to estimate contemporary tidal components. These components take into account the
contemporary hydrodynamics;

b) in absence of contemporary tide gauge data, the tidal components available at the French
Hydrographical and Oceanographical Service (Shom) are to be used combined with a
correction of mean sea level, to integrate changes in mean sea level. For example,
performing a correction using an estimated annual trend for each location according to
available data (e.g : in Cherbourg, changes in sea level is calculated with a time series of
sea levels recorded between 1943-2018 ; when in Saint-Malo, it is defined with a time
series of sea levels recorded over the period 1986-2018) [51];

At Shom there is an ongoing study which aims to estimate the difference of tidal predictions
using these methods presented beforehand [2];
Changes in sea level: ignoring changes in sea level when computing astronomical tidal levels
can lead to errors in the quantification of historical skew surges. The importance of the error
depends on the geographic area and the historical period. If there are no sea level
observations for the period of the studied storm, the actual harmonic components must be
used to the astronomical tide prediction and changes in sea level must therefore be corrected
on this tide prediction [3];
Chart Datum References: when using non digitized tide gauge data or complementary
information such as sketches of quays or docks, it is important to verify the consistency of the
different chart data. Ignoring these, can lead to significant errors when estimating water
levels. For example, the position of the tide gauge vertical reference and the chart datum of
the site of Saint-Nazaire has changed by 40 cm between the periods 1938-1996 and 1996-
present [12] (Fig. 2);
Bathymetry changes: ignoring the potential variation of the bathymetry over decades or
centuries can lead to errors in the reconstruction of past water levels and skew surges. In fact,
harbors, sluices, waterway channels, estuarine areas have been often subject to silting up,
dredging and anthropogenic developments. Future scientific researches aim to discover
ancient maps and plans including bathymetric surveys in historical archives. They could then
be cross-checked with historical sources of past storm and coastal floodings and they may be
taken into account for the computation of historical skew surges. Further, these ancient
bathymetries could be integrated in a project of hydrodynamic modeling;

Local hydrodynamic phenomena: tidal predictions will represent the hydrodynamics at the

tide gauge locations. Using historic data may leed to water level reconstructions that are not

at the same location as the tide gauge, as it has been done for exemple in Dunkirk or La

Rochelle [19] [7]. Local phenomena such as amplification or reduction of a water level may

occur in harbor areas, waterway channels, rivers. Still these phenomena are difficult to

quantify without any further study such as hydrodynamic modeling;

The use of anachronistic documents: this can be due to uncomplete historical researches in

archives, the loss or the inexistence of historical sources for the time of interest. It is crucial to

be sure of the document’s relevance and to contextualize the information it contains. By the
way, the risk of over or underestimating for exemple a quay level is still existing and the use
of this level could produce afterward some uncertainties on the quantification of historical

skew surges [19];

Data analysis control: analysing primary and secondary historical documents, critizing and

the correctly interpreting their content is crucial. A poor analysis and a little understanding of
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the content of historical sources can have big consequences [47]. For example, stemmed from
the West Indian Spanish word firacan, the word “hurricane” was a buzzword from the 18" to
the first half of the 20" century. Written in a historical source, it will not include the
meteorological / atmospheric differences in terms of formation between a mid-latitude storm
and a hurricane. In addition, it will not even imply a different magnitude or intensity but it
will simply be a synonymous of a generic “storm”. So, without proper historical critical
analysis, a confusion leading to potential errors and false conclusions can arise. Another
example of misleading interpretation having consequences for the computation of historical
sea level and skew surge is the possible confusion between submersion by wave-overtopping
and submersion by sea level;

9) Reliability of the data: what credit can be given to historical sources and the information they
contain ? How reliable is a document from the past ? What is the level of confidence of our
reconstructed historical skew surges ? This aspect has been identified as one of the biggest
variable of uncertainties and potential errors on the computation of historical skew surges.

The point number nine will be handled in this work and a method of evaluating historical sources
and data will be presented.

2.2 The Historical Documents Quality Method

Studies on the characterization of extremes events need and are keen to use more and more historical
sources and data [6] [14] [15] [24] [30] [40] [42]. As suggested earlier, researches do not always pay
attention to the method of critical analysis of historical documents developed by historians over
decades [26] [35] [36] [37]. However, the historical data used to estimate extreme seca levels and
quantify historical skew surges must be trustworthy and of good quality. Otherwise, some of the
possible risks would obviously be to over or underestimate the levels of reconstructed water levels and
skew surges, but also to compute them for storms that did not occur at that time (error of date) or did
not impact that specific area (error of location). In this context, a critical analysis and an evaluation of
historical documents and data guarantee their relability, confirm their use for and allow the
reconstruction of historical water levels and skew surges.

Both in France and abroad, scientific researchers and research groups on extreme events such as
earthquakes, river floods, coastal floodings, avalanches, who use historical documents for their studies,
are aware of the importance of working with reliable historical sources and data [5] [18] [20] [33] [39]
[48]. Some of them (e.g: SSHAC, SISFrance, BDHI) have tried to build a quantified rating system in
order to define the reliability of historical documents and data they provide [1] [27] [28] [34] [44]
[46]. Unfortunately, none of them precisely describes and explains their method and/or has truly
implemented a multidisciplinary approach by starting as close as possible to the approach of a
historical critical analysis.

The historical critical analysis method works in two stages (Fig. 3). At first, historians use the
“external criticism” to identify the authenticity of an historical document. The appearance, the
language used, the physical state, the type and nature of the historical source are evaluated to ensure
that the source is not falsified or a counterfeit. Secondly, “internal criticism” is used to ensure the
reliability of the data contained within the historical source, i.e. analysis of the author, the date, the
context, the motivation of the production of the document, etc. This stage aims to establish the extent
to which the data reflects the reality of the time.

At the end, the critical analysis of historical sources and their content should answer the five big
questions (and their sub-questions):

- What ? (type and nature of the document);

- Who ? (author information);

- Where ? (location of production of the document and site in which the events occurred);

- When ? (date of document production and date of the events) ;

- Why ? (motivations of the author, reasons for the production of the document).

We start of from this historical critical method to develop the method to evaluate historical documents
quality. As we are eager to stick to it as closely as possible, the aim is to identify the criteria on which
historians rely on to define a level of reliability of historical sources and data they contain.
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We propose a new method in three steps (Fig. 4):

- Step 1: Historical critical analysis
A complete and precise critical analysis for each historical source studied has to be written by a
historian. We propose an analysis based on 20 questions and three open comments organized into
three sections (Document, Author, Event(s)). This critical analysis allows the introduction of a
decision tree (see step 2) and the formulation of different answers supplied by this decision tree. The
historical critical analysis is supplemented by a “system of filiation”, which allows to highlight the
relationships that may exist between primary and secondary historical sources (copy, inspiration, etc.),
as well as the identification of well-known sources used in literature [13, p. 593].

- Step 2: Rating of four criteria
Based on the critical analysis written by a historian (step 1), we developed a decision tree. It is based
on four standardized criteria that can systematically be applied to any content and specificity of all
primary or secondary historical sources. These criteria are: the type of the document, the author’s link
to the testimony of an event, the cross-checking and the consistency of the source contents. Each
criterion is a branch of this decision tree and consists of closed questions (yes/no) in order to ensure a
full objectiveness. An example of one branch is given in Fig. 5. After following each branch, the user
is left with four marks, one per criterion, which gives more than 1300 possible combinations. It is
important to note that based on the critical analysis established in step 1, it is possible for everyone to
give a score for each criterion in step 2.

- Step 3: Assigning a final score
A final score must be assigned to the historical source and it is evaluated through an expert system.
This innovative part of the method requires a combined mathematics and history approach. Several
hypothesis have been tested on 147 documents. The first expert system is a final consensual mark
obtained by a rating done by historians. The second expert system is based on different weightings
(light, medium, heavy) applied for each criterion and proposed by historians, which result in a simple
linear function. The third expert system is based on algorithms to define the weightings of each
criterion and thus set the final score. Finally, the last expert system is based on a neuroscience
network. So far expert system 1, i.e. rating by historians, and expert system 2, i.e. linear function of
crtiteria after weighting, have been compared, which gave a good correlation with a coefficient of
determination R? = 0.974 (Fig. 6).

The application of this method in three steps gives a final score that represents the credit of the
historical source and of the data it contains. This final score applies to primary or secondary historical
source analyzed. The numerical value is expressed as a percentage of reliability. For this reason, a
scale of value’s range is proposed:

[0-20[%: not reliable at all;
[20-40[%: unreliable;
[40-60[%: moderately reliable;
[60-80[%: reliable;
[80-100]%: very reliable.

The main advantage of this method is that it is currently the most objective. There is almost no
space for subjectivity as the historical critical analysis (step 1) is based on objective questions and
comments and is done by historians who are experts of historical sources. The decision tree (step 2) is
based on yes/no questions and the final mark is established using an expert system (step 3).

2.3 Case Studies : The Storms With Coastal Floodings Of November 16, 1940 And February 15-
16, 1941

Two storms hit the French Atlantic coast on November 16, 1940 and February 15-16, 1941 causing
big damages in the regions of Vendée and Loire-Inférieure. Many primary historical sources certify
the occurrence of these coastal events. Furthermore, some traces of the 1940 storm were found in
sedimentary records [41].



SimHydro 2021: Models for complex and global water issues - Practices and expectations
16-18 June 2021, Sophia Antipolis - Athimon, E., Giloy, N., Sauzeau, T., Andreevsky, M., Frau, R., - Quantification of
historical skew surges : challenges and methods

The two case studies presented in this work will focus on historical documents found in the
French departmental archives of Loire-Atlantique (Departemental Archives of Loire-Atlantique, 365
W 124, Ponts-et-Chaussées engineer’s report dated October 20, 1943 and Ponts-et-Chaussées
engineer’s report dated June 20, 1947 (Fig. 7 and Fig. 8)). After a precise historical critical analysis
that can exclusively be performed by a historian (step 1 of the historical documents quality method
presented above), they are evaluated with the decision tree (step 2) and a final score is set with an
expert system (step 3). The results of step 2 and 3 for the documents are presented in Tab. 1. With a
reliability of 98 or 96% and 84% depending on the expert system, the historical sources of Fig. 7 and
Fig. 8 are considered as very reliable. The quantification of the historical skew surges for both storms
in Saint-Nazaire can be carried out with good confidence.

Moreover, the maximum water levels reached during these events are given in the source: 6.60 on
16™ November 1940 and 6.44 during the night of 15" to 16™ November (Fig. 7 and Fig. 8). No metric
precision is given and no information on the location of the measurement is available. Still, the
document is written by a engineer of the Ponts-et-Chaussées corps, owner of the tide gauge in the
1940s [12], so with good confidence the assumption can be made that the water levels in the reports
are taken from tide gauge measurements, which were made in meters at that time [12]. So far, variable
of uncertainties 8 and 9 have been handled, as the data within the documents are consistent with the
context and the reliability of the documents is very high. As both values are contemporary tide gauge
data, variable 6, i.e. local hydrodynamic phenomena, can be excluded. Variable 7 doesn’t need to be
handled, as the documents are contemporary with both events, the engineer’s reports have been
published very few years after the occurrence of the storms.

The maximum water levels are still water levels, as they are assumed to be measured by a tide
gauge. Thanks to the reconstruction of historical tide gauge data made by Yann Ferret, Shom [12], the
water levels taken from the historical documents were compared to this tide gauge data. Table 2 shows
that there are one or two centimeters of difference, and both data are in the same chart datum, i.e. chart
datum in Saint-Nazaire has changed by 40 cm between 1938-1996 and 1996-present, so variable 4 is
handled.

As mentioned before, there is a need for tidal prediction when reconstructing skew surges. For
this case study we will estimate tidal predictions (variable 2) using two methods:

a) Use of tide gauge data contemporary with the event and in contemporary chart datum.
This method is to be preferred, when enough contemporary tide gauge data is available. Here,
a harmonic analysis is performed on two years of observations (1940-1941) to estimate tidal
components and mean sea level. These are used to estimate tidal predictions (Table 2).
b) Use of actual harmonic components.
When no contemporary tide gauge data is available, more recent tidal components are to be
used, to estimate tidal predictions. In order to take into account changes in mean sea level, a
correction has to be applied (variable 3). In this exemple we estimate a linear trend on annual
mean sea levels. The mean sea level used to estimate tidal predictions is then corrected. This
data can not directly be compared to the water levels of the historical documents, as there has
been a change in the vertical reference. Therefore 40 cm have been added to the historical
values, which correspond to the change in chart datum.

Table 2 and 3 present the different skew surges (SS) estimated. To be consisted, the SS 1 shown
in table 3 should not be used as it does not include the mean sea level correction (variable 3). So the
skew surge for November 16, 1940 (evening high tide) ranges from 1.33 to 1.42 m and from 0.89 to
0.92 m on February 16, 1941 (morning high tide), which is a very consistent result. It is important to
highlight that the coastal flooding of February 1941 was mainly caused by dike breaches that were
poorly repaired since the storm of Novembre 1940. In fact, repairing the dikes in the context of the
Second World War was no priority for the administration, politics and population (Fig. 8). As there is
unfortunately no information on vertical land movements for the Saint-Nazaire area, variable 1 could
not been handled. The differences of a few centimeters between the skew surges estimated using tide
gauge data contemporary to the event, in ancient chart datum, and current tide gauge data (in current
chart datum) can be explained by small variations in tidal components, resulting from sea level rise or
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changes in bathymetry (variable 5). Actual tidal components are estimated on recent tidal observations
and reflect the current hydrodynamics, which may have been modified by artificialization of the
harbor area, dredging of the channel or changes in mean sea level rise.

Finally, it should also be mentioned that not paying attention to the chart datum reference (i.e. -40
cm from 1938-1996 compared to 1996-present) can result in important errors. Indeed, using the
observed sea level from historical documents (AD 44, 365 W 124) not corrected to actual chart datum
and the maximum predicted tide with correction of mean sea level in actual chart datum can lead to
underestimate the historical skew surges: their quantification being respectively of 0.93 m and 0.51 m.

3. TABLES AND FIGURES
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Figure 6: Scores (in %) for 147 historical documents: comparison of expert system 1, i.e. a consual score given
by historians, and expert system 2 based on different weightings (light, medium, heavy), i.e. a linear function,
applied to each criterion.

The correlation coefficient is very good, as R> = 0.974.

Figure 7: extract from a dike repair report, written by the Nantes Ponts et Chaussées engineer Mr Desbazeille
and dated 10.20.1943. The water levels observed in Saint-Nazaire during the storms with seafloods of
10.16.1940 and 02.15-16.1941 are mentioned.

Source : Departmental Archives of Loire-Atlantique, 365 W 124.

Translation : “[...] during the winter 1940-41 and 1941-42 ; they completely devasted the Vendée coast and did
not spare the Loire-Atlantique coast. The sea levels rates (6.44) on February 16, 1941 and (6.60) on November
16, 1940 were recorded at Saint-Nazaire, corresponding to real tidal waves”.
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Figure 8: extract from a dike repair report, written by the Nantes Ponts et Chaussées engineer Mr Ballade and
dated 06.20.1947. The water levels observed in Saint-Nazaire during the storms with seafloods of 10.16.1940
and 02.15-16.1941 are mentioned.

Source : Departmental Archives of Loire-Atlantique, 365 W 124.

Translation : “When the winter storms of 1940-41 occurred, waters rose to +6.60 on November 16, 1940 and to
+ 6.44 on February 15, 1941, these poorly protected dikes were attacked by waves ; the breaches could not be
repaired due to the circumstances (N.B : Second World War period) [...]".

Historical primary | Criterion 1: | Criterion  2: | Criterion 3: | Criterion 4: [ Final score | Final score
source Type of the | Link between | Cross- Consistency | in % (expert | in %
document author  and | checking system 1) (expert
event system2)
AD 44, 365 W 124, 7/7 6/7 7/7 4/4 98 96
report of
10.20.1943
AD 44, 365 W 124, 7/7 4/7 7/7 4/4 84 84
report of
20.06.1947
Table 1: Evaluation table of the two historical sources (application cases).
Date OHD (m historic | MLTGh (m historic | MPh (m historic | SS (m)
chart datum) chart datum) chart datum)
11.16.1940 6.60 6.61 5.19 (evening | 1.41-1.42
high tide)
02.16.1941 6.44 6.42 5.52 (moming | 0.92-0.90
high tide)

Table 2: Water levels and surges for the storms of November 1940 and February 1941 in Saint-Nazaire in
historical chart datum (calculated by Shom)

OHD: Observed sea level from historical documents (AD 44, 365 W 124).

MLTGh: Maximum sea level measured by the tide gauge not corrected to actual chart datum [12].

MP: maximum predicted tide (harmonic analysis on contemporary tide gauge observartions to estimate harmonic
components).

SS: Resulting skew surge of OHD/MLTGh - MPh.

Date OHDA40 (m | MLTG (m | MP (m actual [ MPmsl (m | SS1 (m) SS 2 (m)
actual chart | actual chart | chart datum) | actual chart
datum) datum) datum)
11.16.1940 7.00 7.01 5.75 5.67 1.25-1.26 1.33-1.34
02.16.1941 6.84 6.82 6.01 5.93 0.83-0.81 0.91-0.89

Table 3: Water levels and surges for the storms of November 1940 and February 1941 in Saint-Nazaire in actual
chart datum (calculated by Shom).
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OHDA40: Observed sea level from historical documents (AD 44, 365 W 124) + 40 cm to correct change in chart
datum [12].

MLTG: Maximum sea level measured by the tide gauge corrected to actual chart datum [12].

MP: Maximum predicted tide without correction of mean sea level (use of actual tidal components and actual
mean sea level).

MPmsl: Maximum predicted tide with correction of mean sea level (use of actual tidal components, correction of

mean sea level applying a linear trend of 1.02 mmy'l).
SS1: Resulting skew surge of OHD40/MLTG - MP.
SS2: Resulting skew surge of OHD40/MLTG - MPmsl.

4. CONCLUSIONS

In conclusion, this interdisciplinary study provides interesting results and it shows that:
- by paying attention to some potential causes of uncertainties (changes in sea level, criticism
and evaluation of historical documents quality, operative chart datum reference, etc.),
- by ensuring the reliability of historical sources and data through the use of the historical
documents quality method,
- by deepening historical researches in archives and
- by a mix of different scientific fields and methods
it is possible to reduce uncertainties and errors in the quantification of historical skew surges.

This collaboration between history, geography, geology, engineering and mathematics provides
important and relevant historical data for the statistics of extremes. More reliable, precise and robust
quantification of historical skew surges is possible, thanks to a) the quality of the documentation used,
b) huge variety of historical sources and datasets used, and c) the integration of the majority of the
uncertainties. Moreover, even if some of these uncertainties were not able to be quantified and taken
into account on the computation of historical skew surges, these uncertainties will be considered in the
statistics of the extremes. In that case, an idea of the possible accuracy made in the computation of
historical skew surges must be known.

To conclude, a challenging perspective could be the modeling or the numerical simulation of past
storms [30]. Numerical simulation and modeling can help to quantify some further uncertainties as the
effect of the changes in bathymetry over the time or the risk of “corridor/funnel” phenomenon (local
hydrodynamic phenomena) and to increase the accuracy of the computed historical skew surges.
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