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Preface
The Master Seminar in Climatology at the Institute of Geography, University of Bern is
always a pleasure to teach. Students of Geography and Climate Sciences work in small teams
on a small research project, during which they go through all phases of a “real” research
project, from a short proposal to a final product. Common to all projects is that each of them
is a case study of a historical, extreme weather event. Students then analyse this event in a
historical reanalysis such as the “Twentieth Century Reanalysis” (20CR) or the “European
Reanalysis of the Twentieth Century” (ERA-20C). As the projects mature, short papers are
written, which undergo “peer-review” within the group of students and by the teachers of the
class, followed by a second round of reviews after the end of the course.
The seminar in spring 2012 was particularly fruitful and the students were particularly
motivated. We decided to publish a selection of papers with our Institute’s publisher
Geographica Bernensia, which subsequently appeared as Volume G89 “Weather extremes
during the past 140 years” (Eds. S. Brönnimann, O. Martius) as Open Access publication.
This was not only rewarding for the students, but this volume also triggered some interest in
the scientific community and is occasionally even cited in the literature. The suitability of
historical reanalyses for studying weather extremes is a question of interest to many, and the
information is fed back to the data producers. Thanks to the students, strengths and
weaknesses of the reanalysis products were found.
In spring 2016 I had again a nice selection of papers in my course. In the meantime the
number of reanalysis products has grown. We have not just one reanalysis to study all of our
events but several, which allows a comparison. Many of the student papers did that. I again
decided to produce a volume (also adding two student papers from a Bachelor seminar),
which again appears as an Open Access Volume in Geographica Bernensia.
My big thanks go to the students of this class, all of them contributed a lot of their spare
time to this project: Aline Baumann, Dominique Bucher, Annika Buck, Kathrin Burkart,
Lorenzo Di Marco, Jacqueline Ernst, Selina Foffa, Luca Renato Frigerio, Sylvia Kristina
Gassner, Nicole Glaus, Reto Peier, Moritz Pickl, Giacomo Santi, Lorena Schürch, Lucija
Stanisic, and Angela-Maria Wyss. Further I thank my research group which put in a lot of
additional work, helped supervising the student works and brought the papers to publication
quality. Finally, I would like to thank Gilbert P. Compo (NOAA-CIRES/CDC) and the
ECMWF team for all their hard work in producing these invaluable data sets. This work was
supported by several research projects, notably the European FP7 project “ERA-CLIM2” and
the Horizon2020 project EUSTACE.

Bern, 4 December 2017

Stefan Brönnimann
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Weather Extremes in an Ensemble of Historical Reanalyses

Stefan Brönnimann
Oeschger Centre for Climate Change Research and Institute of Geography, University of
Bern, Switzerland

Abstract
Since the first historical reanalysis product, the “Twentieth Century Reanalysis” (20CR), has
been published in 2011, numerous studies have made use of this data sets for a wide range of
applications. In the meantime several new reanalysis data sets have been produced. Currently,
four reanalyses reach back to at least 1900, additional research products have been generated,
and more reanalyses will likely be produced in the future. As a means of evaluation, ten
individual extreme weather events are studied in this volume in one or several of these data
products. Together, they demonstrate the usefulness and limitations of historical reanalyses
for studying past weather extremes. Supplementing our first volume of case studies, these
cases also allow comparisons across data sets. This introductory paper gives an overview of
the cases presented and the data sets used. Furthermore, the paper briefly addresses the
challenges and opportunities of analysing extremes in a “multi-reanalysis ensemble”.

1. Introduction
Extreme weather events have long entered the spotlight of climate science. Even more than
changes in the mean climate state, changes in the frequency or intensity of extreme events are
relevant for many climate impacts and thus for society. However, even for the present
climate, little is still known about extreme weather events, their frequency, and their decadal
variability. This is because extreme events are rare and thus long records are required. Such
records exist from weather stations and they are invaluable for studying extremes, particularly
when combined with documentary information (for an example, see EUROCLIMHIST,
www.euroclimhist.unibe.ch/) that are rich on extreme events. However, these local series
often do not allow a quantitative, physical interpretation of the weather events.
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From the entire body of historical observations, however, a comprehensive, physically
consistent depiction of the atmosphere can be generated using data assimilation. This was
achieved in historical reanalyses such as the “Twentieth Century Reanalysis” (20CR, Compo
et al., 2011) produced by CIRES/NOAA or ERA-20C (Poli et al., 2016) and the coupled
reanalysis CERA-20C (Laloyaux et al., 2017) produced by the European Centre for Medium
Range Weather Forecasts (ECMWF). These data sets extended the time range for studying
extreme events from 40-50 years or so to now 130-150 years. However, the suitability of
historical reanalysis for studying extremes remains unclear. For instance, discussions emerged
on their suitability for determining trends in storminess (Donat et al., 2011; Brönnimann et al.,
2012; Krüger et al., 2013; Wang et al., 2016), concluding that a careful assessment is
required. While suitability must eventually be addressed for each analysis, such an assessment
is ideally based on the study of many individual cases that expose the strengths and
weaknesses of the data sets. Our collection of papers contributes towards that aim.
Many studies have recently used 20CR or ERA-20C to study long-term changes in
extremes (e.g., Donat et al., 2016a; Jones et al., 2016; Matthews et al., 2016; Pérez-Zanón et
al., 2016). Other studies use historical cases as a reference or for comparison with present
cases (e.g., Kendon and MacCarthy, 2015; Dangendorf et al., 2016; Donat et al., 2016b) or for
a chronology of storms (Cornes, 2014). Numerous case studies of extreme weather and
climate have analysed and compared historical reanalyses. For instance, an extreme winter in
Iceland (Moore and Babij, 2017) showed that the different sea-surface temperature and sea ice
forcing of different reanalysis matters. Useful atmospheric diagnostics could be derived for
flood events in northeastern Iberia (Pino et al., 2016). 20CR has been shown to be suitable for
numerical downscaling for a blizzard in New York (Michaelis and Lackman, 2013), storms in
Switzerland (Stucki et al., 2015) and Iberia (Fortunato et al., 2017), a snow fall event
(Brugnara et al., 2016) and a flash flood in Italy (Parodi et al., 2017). A new winter storm
hazard map for Switzerland was generated based on downscaling ca. 100 storms from 20CR
(Dierer et al., 2013). Other studies have even attempted to dynamically downscale 20CR for
the entire period (Ishida and Kavvas, 2017). The list could easily be extended. Given this
immense popularity of historical reanalyses for diverse applications, case studies of individual
extreme events are useful to learn strengths and weaknesses of the data sets.
In a previous volume we have analysed extreme weather events in the “Twentieth
Century Reanalysis” version 2 (20CRv2) (Brönnimann and Martius, 2013). The papers were
written by students of a seminar that is taught annually. They could show that most of the
extreme weather events analysed were indeed well represented in that reanalysis. However,
there were also cases where 20CRv2 did not reproduce the event well or not at all. Further,
we also demonstrated that the ensemble mean is not always suitable (although it mostly was)
and that the entire ensemble (20CRv2 consists of 56 members) should be considered.
In the past four years, new historical reanalyses have become available. The European
products ERA-20C and CERA-20C were already mentioned. Specific land-surface products
have been or are generated for the latter two reanalyses. CIRES/NOAA produced an updated
version of 20CR, termed 20CRv2c, which reaches back to 1851 and also is an ensemble of 56
members. Furthermore, several test reanalyses were produced. For this volume we now have
the situation that we can study extreme events in an ensemble of historical reanalyses. In fact,
many of the cases in this volume are covered in several reanalysis data sets.

8

Brönnimann: Weather Extremes in Historical Reanalyses
Having several products, some of which are ensembles, allows more detailed analyses,
but raises additional questions. The first relates to feasibility. Studying a case in 56 members
of a reanalysis is already asking a lot, but studying it in all members of many reanalysis
individually is hardly ever possible. So, are there statistical frameworks that allow us to
condense the combined information of all reanalyses? Should we, similar to many climate
model analyses, use “multi-reanalyses means”? And what can be learned from the ensemble
spread? This introductory paper gives a short preview of the volume, and it briefly touches
upon the question of challenges and opportunities of having multiple reanalyses. The last part
of this paper then gives a glimpse at the possible future development of historical reanalyses.

2. The data sets
All papers in this volume are self-contained and include a brief description of the data sets.
Since all papers use the same data sets, this introductory paper provides some additional
details on the data sets used. An overview of all reanalysis data sets including some more
specific information is compiled in Table 1.
One data set is used by every paper: Version 2c of the “Twentieth Century Reanalysis”
(20CRv2c). This is a global three-dimensional atmospheric reanalysis data set reaching back
to 1851. It builds on version 2, which reaches back to 1871 (Compo et al., 2011). Both
reanalyses provide ensembles of 56 members based on the assimilation of surface and sealevel pressure observations, i.e., the distribution of atmospheric mass, taken from the
International Surface Pressure Databank (ISPD). The data assimilation was performed using
an Ensemble Kalman Filter technique, with first guess fields generated by a 2008
experimental version of the US National Center for Environmental Prediction Global Forecast
System atmosphere/land model (NCEP/GFS, see Saha et al., 2010). The GFS model was
integrated at a resolution of T62 in the horizontal, which corresponds to a spatial resolution of
ca. 2° x 2°, and 28 hybrid sigma-pressure levels in the vertical. The analysis is performed
every six hours, but 3-hourly forecasts of some variables are also available, allowing an even
more detailed view of the temporal development of some of the extreme events.
One main difference between versions 2 and 2c concerns the sea-surface temperature
(SST) and sea ice distributions. Version 2 used the HadISST1.1 data set (Rayner et al., 2003).
An error in the specification of sea ice led to erroneous heat fluxes along the Arctic coast,
which affected winter temperatures in the lower troposphere in that region. In version 2c this
is fixed. SSTs are now taken from the Simple Ocean Data Assimilation system with sparse
observational input (SODAsi, Giese et al., 2016), which uses an atmospheric reanalysis as
boundary conditions. At high latitudes (>60°) SSTs were corrected to COBE-SST2 (Hirahara
et al., 2014). From 2013 onwards, NOAA OI SST V2 data were used (Reynolds et al., 2007).
Another difference between versions 2 and 2c concerns the data assimilated. Pressure
observations in 20CR version 2 were from ISPD version 2, 20CR version 2c used ISPD
version 3.2.9 (Cram et al., 2015). Marine data were from the International Comprehensive
Ocean-Atmosphere Data Set (ICOADS) version 2.5.1 (Woodruff et al., 2011).
Further historical reanalysis data sets are used in many of the papers. They comprise
three historical reanalyses from the ECMWF, namely ERA-20C, CERA-20C, and ERA-
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PreSAT. All of them are based on 4-dimensional variational data assimilation (4D-Var), and
all of them use ECWMF’s Integrated Forecast System (IFS) model.
ERA-20C has a set-up comparable to 20CRv2c. In addition to the assimilation scheme
and model used, one main difference between to 20CR is that ERA-20C assimilates marine
winds, in addition to surface and sea-level pressure (which are from ISPD version 3.2.6 and
ICOADS version 2.5.1; see Table 1). ERA-20C spans the years 1900 to 2010 with a temporal
resolution of three hours and a spatial resolution of 1.125°x1.125° (Poli et al., 2016). A
preliminary 10-member assimilation (using different SST realisations from HadISST2.1.0.0)
was used to estimate the background error in the final (one member) assimilation. From ERA20C, a land-surface product was generated by driving ECMWF’s land-surface scheme
HTESSEL off-line.
The reanalysis CERA-20C (Laloyaux et al., 2017) assimilated the same atmospheric
observations, but was coupled to the community ocean model NEMO (Nucleus for European
Modelling of the Ocean, Madec et al., 2012). In this set-up, the model integration is
performed coupled. Both models then have their individual variational assimilation scheme,
but with one additional iteration that allows the ocean to “see” the atmospheric update and
vice versa.
Finally, a test reanalysis ERA-PreSAT was performed for the years 1939-1967 that used
the same set-up as ERA-20C, but additionally assimilated upper-air observations from the
CHUAN data set (Stickler et al., 2014). Details on this product can be found in Hersbach et
al. (2017). The historical reanalyses are supplemented by conventional reanalyses such as
NCEP/NCAR reanalysis (Kistler et al., 2001) in some of the papers of this book. An overview
of all products is given in Figure 1.
Together the data sets provide rich information on global weather during the past 150
years. They constitute a “multi-reanalysis ensemble”. Several reanalyses (20CRv2, 20CRv2c
and CERA-20C) are ensemble products. However, there are differences in the meaning of the
ensemble spread. 20CR (v2 and v2c) are atmospheric reanalyses, the ensemble is an initial
condition ensemble. ERA-20C used a 10-member ensemble, which also accounts for
variations in SSTs, for the determination of the background error. CERA-20C is a coupled
reanalysis and its 10 members thus cover a coupled phase space. ERA-PreSAT is one member
only. While some of the cases studied in this book are only analysed in one or two of the
products, some are analysed in four or five data sets.

Figure 1. Time covered by the different reanalysis products used in this volume. The short black arrows indicate
the timing of the ten case studies, grey arrows denote the cases published in Brönnimann and Martius (2013).
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Table 1. Overview of the historical global dynamical reanalysis datasets used in this book. Res. = Resolution at
equator, n is the number of members. 20CR: Twentieth Century Reanalysis, EnKF: Ensemble Kalman Filter, 4DVar: Four-dimensional variational data assimilation, SI = Statistical Interpolation (3D-Var), p = pressure

Reanalysis
20CRv2
20CRv2c
20CR-1816*
ERA-20C
CERA-20C

ERA-PreSAT*

Model
NCEP/GFS,
T62/L28
NCEP/GFS,
T62/L28
NCEP/GFS,
T62/L28
IFS, Cy38r1
T159/L91
IFS, Cy41r2
T159/L137
NEMO
1°, 41 levels
IFS, Cy38r1
T159/L91

NCEP/NCAR

Observ. ISPD Scheme Period
Res.
n
p
2
EnKF
1871–2014 320 km 56
p

3.2.9 EnKF

1851–2014

p

3.2.9 EnKF

1815–1817

p, wind

3.2.6 4D-Var

1901-2010

3.2.6 IFS
4D-Var
NEMO
3D-Var
p, wind, 3.2.6 4D-Var
upper-air
all
SI

1901-2010

p, wind

Reference
Compo et
al. (2011)
320 km 56
Compo et
al. (2011)
320 km 56
Brohan et
al. (2016)
125 km 1+10+ Poli et al.
(2016)
125 km 10
Laloyaux
et al. (2017)

1939-1967 125 km 1
1948-2017

1

Hersbach et
al. (2017)
Kalnay et al.
(1996)

*research versions
+one deterministic member, 10 members were used to estimate the background error

In all of the studied cases, also other data sets than reanalyses were consulted, including
instrumental observations and derived products (e.g., historical weather charts). Moreover,
contemporary literature was available in all cases to put the results found with 20CR into
context. These data sets and sources are discussed in the individual papers.

3. Selection of events
Ten extreme weather events were chosen for this book. Table 2 provides a list and references
to the papers; Figure 2 gives a geographical overview of the locations. The ten events
comprise storms, floodings, and cold surges. The earliest of these events was the storm on 2526 October 1859 (Villiger et al., 2017) that sank the “Royal Charter” and other ships, killing
around 800 people. That storm played a decisive role in reinforcing attempts to set up a
warning system (Moore, 2015), which led to the first operational weather forecasts two years
later, issued by Admiral FitzRoy. Because it occurred in the first decade of 20CRv2c, when
observations were very sparse, it is an interesting case to test the limits of historical reanalyses
Table 2. List of events in this compilation in chronological order

Event
“Royal Charter” Storm
“Märzorkan”
Sitka Hurricane
Great Gale
“White Hurricane”
Iberian Storm
Appalachian Storm
1953 friagem
1956 coldwave
Rhine Flooding

Type
Storm
Storm
Storm
Storm
Storm
Storm
Storm
Cold Surge
Cold Surge
Flooding

Location
UK
Europe
USA
UK
USA
Portugal/Spain
USA
Brasil
Europe
Germany

Year
1859
1876
1880
1881
1913
1941
1950
1953
1956
1978

Paper
Villiger et al. (2017)
Ernst et al. (2017)
Franke et al. (2017)
Meyer et al. (2017)
Gassner et al. (2017)
Baumann and Reichen (2017)
Burkart and Wyss (2017)
Zamuriano et al. (2017)
Dizerens et al. (2017)
Stucki et al. (2017)
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and perhaps provides a glimpse at the quality we might expect when extending reanalyses
even further back than presently.
The “Märzorkan” of 1876 (Ernst et al., 2017) also is a challenging case, as this storm was
of a relatively small spatial scale, though crossing regions with good observational coverage.
Franke et al. (2017) analyse an unsusually strong storm that hit Sitka, Alaska, in October
1880. The storm is named “Sitka Hurricane” even though it was not a hurricane but an
extratropical cyclone. Incidentally, measurements from a ship are available that were not
assimilated into 20CRv2c. So, even more than the “Royal Charter” storm, this storm tests the
limits of historical reanalyses in data sparse regions.
Although occurring only one year later than the “Sitka hurricane”, the “Great Gale” of 14
October 1881, a severe storm that hit the UK, demonstrates the effects of good data coverage.
The storm can be tracked across the Atlantic and is well reproduced in 20CRv2c over
Western Europe (Meyer et al., 2017). The “White Hurricane” or “Great White Storm” of
November 1913 (Gassner et al., 2017) also was not a hurricane (though hurricane-force winds
were observed). It was one of the most deadly storms in the Great Lakes region, killing 250
people. It originated from the merging of two storm systems, possibly fuelled by the warm
water surface of the Great Lakes. Occurring in a region with a dense observing system, we
expect surface-based reanalyses to capture the storm, but whether the products also represent
snow cover is a more challenging question.
In the middle of the Second World War, in February 1941, a severe storm struck Iberia.
This event is studied by Baumann and Reichen (2017). Another storm studied in this book is
the Great Appalachian Storm of 1950 that hit the eastern USA on Thanksgiving and caused
353 fatalities, power outages, and large economic losses (Burkart and Wyss, 2017). Both
cases concern well-observed regions and time periods. The latter case is analysed in four
different products and thus allows a comparison.

Figure 2. Map showing the locations of case studies comprised in this volume (red stars). Gray dots refer to case
studies in Brönnimann and Martius (2013).

12

Brönnimann: Weather Extremes in Historical Reanalyses
Two cases in the 1950s concern cold surges. In 1953, a cold surge hit Brasil (Zamuriano
et al., 2017). The frost had large effects on coffee plants. This translated to changes in world
market prices and eventually affected Brasil’s production policy. Three years later, southern
Europe was affected by a cold wave that lasted one month and let fountains in Marseille
freeze (Dizerens et al., 2017). These cases are also covered by six reanalysis data sets and
thus allow a comparison. The most recent case concerns one of the largest flooding events of
the Rhine river. Occurring in 1978 (Stucki et al. 2017), this event just narrowly predates the
availability of the current satellite based reanalyses and is therefore not well studied.
4. Analyses
Analysing multiple reanalysis data sets, some of which are ensembles, provides new
challenges. While the climate model community has had this problem for a long time, this is
new to atmospheric science community. In the following we touch upon several possible
directions of how to use the information in a multi-reanalysis ensemble. The approaches
encompass (1) descriptive and statistical ways of assessing the entire ensemble information,
(2) analysis (and selection) of individual members, (3) arguments of physical consistency, and
(4) application of model output statistics or similar techniques.
The example we use is the same as in the introductory paper for the last volume – winter
wind storms. Using the case of a severe Föhn storm in Zurich on 5 January 1919 (see
Brönnimann et al., 2012) we outline several issues related to “multi-reanalysis ensembles”.
4.1. Statistical analysis of the ensemble
The information in a multi-reanalysis ensemble can be used to characterise (visualize or
quantify) the uncertainty. But how? A straight forward way would be to analyse the
distribution or (in a parametric sense) the ensemble mean and spread. Most papers in this
book analyse the spread of individual reanalyses; this is a useful diagnostic. If this is valuable
also for multiple reanalyses, this would make the analysis rather simple as 20CR, for
example, provides ensemble mean and spread on the website. However, the spread refers to 6hourly states. For any derived quantity, the covariance structure needs to be accounted for.
For obtaining ensemble information in a trend analysis, trends need to be computed for each
member and only from that result, an ensemble distribution can be obtained (in Brönnimann
et al., 2012, we did this for trends in wind extremes in Zurich).
For a multi-reanalysis ensemble, things become even more complicated. As a first step,
one may wish to visualise the raw data. For the storm case in Zurich (Fig. 3) we show mean
sea-level pressure and 10-m wind speed (which in 20CR products is not from the analysis) on
5 January 1919, 6 UTC at the grid point closest to Zurich. The distributions of the ensembles
20CRv2 and 20CRv2c (n = 56) are shown as smoothed kernel densities. The CERA-20C
ensemble (n = 10) is added as lines, the deterministic ERA-20C reanalysis as bar. Such plots
might be instructive, but the interpretation is difficult. In this case we find large differences
between the products (note that possible displacements in time and space are not considered),
against which the spread within a given product dwarfs. No realisation reproduces the
observations, which is however not unexpected: Föhn storms are strongly dependent on
topography, which is far too coarsly resolved in all reanalyses. The figure clearly illustrates
that a multi-reanalysis mean is not meaningful.
13
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Figure 3. Sea-level pressure (left) and wind speed (middle) in Zurich on 5 January 1919, 6 UTC, in different
reanalysis ensembles and observations (star). The variable is plotted on the vertical axis, the horizontal axis shows
the density (the bar length has no meaning on the horizontal axes). For the two 20CR reanalysis the shading gives
a kernel density. Right: Wind speed during five major wind storms in Zurich from quantile-mapped 20CRv2
(densities) and observations (stars).

4.2. Selection of members
We can also analyse the full output of each member of all reanalyses, e.g., sea-level pressure
and wind fields (Fig. 4). For reasons of presentation, only every 8th member of 20CRv2 and
20CRv2c is plotted, plus all members of CERA-20C and ERA-20C. This figure shows 25
possibilities of how the approaching cyclone, with a strong pressure gradient in the southeast,
might have looked like. In this book, individual ensemble members are studied in some detail
in three early cases (Royal Charter Storm, Märzorkan, Sitka Hurricane), where individual
cases, but not the ensemble mean, might capture the reality most closely. For most of the later
cases, only the ensemble mean and spread are analysed. Additionally, most of the studies
compare different data sets.
If processing all members is not possible, one might wish to analyse only the “best”
member or a representative subset. An example could be dynamical downscaling, which is
computationally expensive. A “Best Ensemble Member” selection can be achieved by
minimizing a cost function according to some target variable. For instance, all members
displayed in Figure 4 show the pronounced low pressure system, but there are difference, both
within the data set as well as between data sets. If we have only computing resources for
downscaling one member, which one should be downscaled to obtain the best results? Should
we pick just the one with the highest wind speed in Zurich on 5 January 1919?
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Figure 4. Mean sea-level pressure and 10-m wind speed on 5 January 1919, 6 UTC, in every 8th member of
20CRv2 (first column), 20CRv2c (second column), all 10 members of CERA-20C (third and fourth column) and
the deterministic reanalysis ERA-20C (bottom right). Blue contours indicate the 980 and 1000 hPa isolines.

Stucki et al. (2016) dynamically downscaled all members of 20CRv2 for two windstorm
cases in Switzerland and then analysed a posteriori whether a subsampling of members might
have been possible based on 20CRv2. Such strategies are important to reduce computations,
which otherwise would be impossible. In that case, however, only a limited predictability was
found. Still, reducing the sample size might be possible in some cases.

15

Brönnimann: Weather Extremes in Historical Reanalyses

Figure 5. 10-m wind speed during the peak of the storm on 5 January 1919 in the WRF downscaling (see Stucki et
al., 2016).

4.3. Physical considerations
The choice of a product can be motivated by physical considerations. For instance, due to
differences in model orography, not all reanalyses may be able to depict storms in complex
terrain equally well. This holds particularly true for Föhn storms such as 1919. Given a
correct depiction of the synoptic-scale situation, dynamical downscaling can be used to
increase the resolution and thus better capture the influence of orography and land surface.
Stucki et al. (2016) downscaled the Föhn storm 1919 from the 20CRv2 ensemble mean using
the Weather Research and Forecasting model (WRF). The resulting wind field (Fig. 5) is
realistic and shows high wind speeds in Föhn valleys. The high observed wind speed in
Zurich is still not captured, but 20 m s-1 are modelled only 15 km south of Zurich.
In addition to orography or model resolution, there may peculiarities specific to the
assimilation system. An example is tropical cyclones. All historical reanalysis products
assimilate tropical cyclone data from the BestTrack archive. However, when presented to the
model, the deviation of the central pressure of a hurricane from the model state is very large.
Typically such an observation would be rejected as unplausible. To avoid rejection, hurricane
track data were “white-listed” in 20CRv2 and 20CRv2c. Therefore, rather strong hurricanes
appear where track data are assimilated (see also the 1938 Long Island hurricane in 20CRv2c
on the cover page of this book). In ERA-20C, CERA-20C, and ERA-PreSAT, many track
data are rejected (Poli et al., 2016; Hersbach et al., 2017) and hence many hurricanes are
missing or are too weak (“white-listing” here would lead to unrealistically large systems and
thus would not solve the problem, Patrick Laloyaux, pers. comm.).

Figure 6. Sea-level pressure and 10-m wind on 27 September 1955, 12 UTC, during hurricane Janet in three
reanalyses. Blue dots indicate the location of the assimilated observations.
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As an example, Figure 6 shows hurricane Janet, which hit Belize in 1955. While the flow
is similar in all three reanalyses, the system is strongest in 20CRv2c which assimilates the
track, but weaker in ERA-20C and CERA-20C. This puts constraints on using reanalyses for
certain purposes. It also shows that reproducing hurricanes in reanalyses is challenging.
4.4. Model output statistics, quantile mapping or statistical downscaling
Forecasters and climate modellers working with ensemble output of multiple regional models
often use statistical techniques to make models comparable among each other and with
observations. These techniques are often termed model output statistics and in essence fit the
model statistics to the observation statistics. A popular technique is quantile mapping, which
adjusts the distribution of modelled variables to that of observed variables.
We performed a quantile mapping of daily maximum wind speeds in 20CRv2 (maximum
of 6-hourly data) to observations in Zurich (daily maximum of hourly wind measurements at
10 m). The quantile mapping was performed over the 1981-2008 period for each member
separately (linear option in fitQmapQUANT, R-package qmap in steps of 0.01, Gudmundsson
et al., 2012). Results are added to Fig. 3 (right). The 1919 storm is not improved in the
quantile-mapped data – hence the fact that it is not well depicted is not due to a bias in the
entire distribution. The two strongest westerly wind storms in the Zurich observations, Vivian
(1990) and Lothar (1999), are much better reproduced, though the latter is underestimated.
The right side of the x-axis shows the two strongest storms in 20CR (Wiebke, 1990, and an
unnamed storm in 1916). Here we find an overestimation, i.e., 20CRv2 shows too high wind
speeds. While westerly wind storms are now well depicted in general, other storms (such as
Föhn) are not, which shows that part of the errors, such as those due to boundary conditions
and model physics, remain. Conversely, the quantile mapping adds further uncertainties and
assumptions (e.g., extrapolation of the scaling of the 99th percentile, seasonality).
5. Future development
Historical reanalyses have quickly become widely used and very powerful tools. How will
these products develop? In this Section I sketch several different developments that have
already started: (a) extension further back in time, (b) assimilation of further variables, and (c)
ocean-atmosphere coupling.
5.1. Extension back in time
How far back can this approach be extended? 20CR reaches back more or less to the start of
national weather services in the second half of the 19th century. This is a reasonable choice,
although many regions of the globe are not covered at all in the 19th century. Conversely, for
Europe (and perhaps New England), early instrumental data would possibly allow a further
backward extension. For the bicentenary of the Tambora eruption in 2015, a 20CR version
was produced that covered the eruption (Brohan et al., 2016). Figure 7 shows ensemble mean
fields of 500 hPa geopotential height and 850 hPa temperature (left) as well as 10-m wind,
precipitation and 500 hPa vertical motion on 29 July 1816. The figure shows a frontal system
stretching across Europe, with high precipitation amounts over France and western
Switzerland, promoted by synoptic-scale as well as (near the Alps) orographic uplift. In fact,
according to Swiss diary entries it rained almost every day in July 1816, including on 29 July.
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Figure 7. (left) 500 hPa geopotential height (contours, gpm) and 850 hPa temperature and (right) 10-m wind
(vectors), precipitation (colours) and 500 hPa vertical motion (contours, only ascent is shown) on 29 July 1816 in
20CR-1816 (Brohan et al., 2016).

Figure 8. (top) 500 hPa geopotential height from 20CRv2c on 26 Jul, 30 Jul and 3 Aug 1947, during one the most
intense heat wave of the 20th century in Switzerland. (bottom) 500 hPa geopotential height at the location of
Payerne, Switzerland from 20CRv2c (black), ERA-PreSAT (orange) and observations (green; Grütter et al., 2013).

Two days later, it was so cold that one had to heat the houses. In fact, the cold air is visible
two days earlier over the North Sea, approaching rapidly southward with strong northerly
flow (see Brönnimann and Krämer, 2016).
This reanalysis was based on observations from some 30 stations and few ships. This is
only a very small fraction of what could be made available, although coverage will remain
limited to Europe, eastern North America, and some scattered ships. A similar coverage could
perhaps be reached back to the 1760s. A 250-year dynamical reanalysis thus seems possible,
although meaningful results will only be reached in Europe and small parts of North America.
5.2. Assimilation of further variables
The historical reanalyses 20CRv2 and 20CRv2c assimilate only pressure and yield very good
results. ERA-20C and CERA-20C additionally assimilate marine wind. The wide spread wind
observations provide additional information from which future reanalyses might benefit.
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Figure 9. Reanalysis fields for 2-m temperature on 1 April 1999, 0 UTC in four different reanalysis products.

Further variables could be assimilated. For instance, upper-air data have been digitised
back to the late 19th century (Stickler et al., 2014). From about 1918 onward, their number
might be sufficient to add value to a global product, thus a 100-yr “full reanalysis” seems
possible. A test was performed for the period 1939-1967, termed ERA-PreSAT (Hersbach et
al. 2017), which showed a clear improvement, though bias issues are still present. As an
example, Figure 8 shows results for the summer of 1947, when intense heatwaves struck
central Europe. Fields of geopotential height at 500 hPa for the peak phase show extended
high-pressure ridges over central Europe. For the gridpoint closest to Payerne (Fig. 8,
bottom), ERA-PreSAT shows a higher correlation with radiosoundings from Payerne than
20CRv2c (0.94 instead of 0.92). This is due to the fact that the ERA-PreSAT system
assimilates the soundings, while at the same time it is not affected by outliers.

5.3. Ocean-atmosphere land coupling and resolution
The difference between CERA-20C and the other reanalyses is its coupling with an ocean
model. In that case only the forecast is fully coupled, while an additional iteration in the
assimilation step assures that ocean and atmosphere can react to each other’s updates.
However, coupled products might become more widespread in the future. For instance,
decadal prediction systems need to be tested based on long data sets.
Another approach is used by 20CRv2c. Since gridded SSTs products, the most important
boundary condition of the model, are not available far back into the 19th century, an iterative
approach is used (Giese et al., 2016) in which a version of the 20CR reanalysis is first
generated from climatological SSTs. Fluxes and winds from that reanalysis are then
assimilated, together with oceanic data, into an ocean assimilation system, termed SODAsi
(Simple Ocean Data Assimilation with sparse input). Sea-surface temperatures are then used
to generate a new atmospheric reanalysis version. Feeding atmospheric forcing to the ocean
system and returning oceanic boundary conditions to the next iteration of the atmosphere is
another way of coupling ocean and atmosphere in a reanalysis system.
The land surface is still relatively crude in most reanalysis products. From the European
Reanalyses (ERA-Interim, ERA-20C, CERA-20C), land-surface products are generated offline (no observations are assimilated) by driving a state-of-the-art land-surface model with
reanalysis input. Not only for land-surface applications, but also for analysing exteme events,
resolution is a key issue. The latest European reanalysis, ERA-5 (Hersbach and Dee, 2016),
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has a resolution of 31 km globally. As an example, Fig. 9 shows temperature over Europe on
1 April 1999 in four reanalyses. The change in resolution from 20CRv2c (2° x 2°) to ERA-5
is impressive. While ERA-5 is still in production, a backward extension to 1950 using
historical upper-air data is planned. Although this does not rival the historical reanalyses for
most of the cases presented in this book, some (such as the Appalachian storm of 1950 or the
cold waves in Brasil 1953 and Europe 1956) could then be studied in even greater detail.
6. Conclusions
The papers compiled in this second collection analyse a selection of extreme events during the
past 160 years in several historical reanalyses. In this introductory chapter we introduce the
cases and the data sets used and discuss issues related to the fact that we now have several
products, some of which are ensemble products.
Together, the papers in this book show that historical reanalyses are generally suitable
for studying past extremes. Most of the events appear in 20CRv2c, but in two early cases the
ensemble mean is of little use and individual members need to be studied. Magnitudes are
mostly underestimated in the ensemble mean. Cases in well-observed regions such as Europe
and North America are well represented. Also, sea-level pressure and wind are typically well
represented, while temperature and especially precipitation are less well captured.
Having several reanalysis products is an opportunity and provides additional information,
but there is no framework for analysing “multi-reanalysis ensembles”. Knowing the strengths
and weaknesses of each individual product is key to a careful analysis in this case. In the
future, there will be even more historical products, perhaps reaching further back, with a
higher resolution and a coupled ocean.
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Abstract
A heavy winter storm hit Western and Central Europe in March 1876 (the storm is termed
“Märzorkan”). This paper analyses the meteorological situation during this event using the
Twentieth Century Reanalysis version 2c (20CRv2c) data set. The “Märzorkan” was related
to a low-pressure system that developed over the North Atlantic and moved towards
Scandinavia. Strong westerly winds over Northern Europe were associated with this cyclone.
The impacts of this extreme event originated both from high wind speeds and high
precipitation amounts. A good agreement was found between 20CRv2c and historical reports,
which therefore confirms the applicability of this data set for at least this extreme event.

1. Introduction
In Central Europe winter storms are amongst the most important and destructive
meteorological hazards (Welker and Martius, 2015). In the last decades, heavy storm events
such as “Lothar” (December 1999), “Kyrill” (January 2007; Welker and Martius, 2015) or
more recently “Elon” and “Felix” (January 2015) have caused severe damage. Global
warming might influence preconditions for the formation of extreme winter storms. For
example, current models predict an increase in water vapour content in the atmosphere which
has a cumulative effect on the intensity of a storm front (Wernli et al., 2002). There is
however no consensus about past (e.g., Matulla et al., 2008; Welker and Martius, 2014; Feser
et al., 2015) or future (e.g., Dawkins et al. 2016) changes in the frequency or intensity of
winter storms in Europe.
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Figure 1. Part of the weather report 13 March 1876 from the Deutsche Seewarte (Reinert and Köppen, 1876a;
source: Deutscher Wetterdienst).

Because of the rarity of extreme events with an intensity of “Lothar” or “Kyrill”, it is
very important to gather as much information as possible from past storms. A good
understanding of historical winter storms is essential to improve the knowledge of possible
changes in winter storm occurrence in the future. In this paper, a historic storm event, the
“Märzorkan” of 12 March 1876, is analysed as an example (see also Meyer et al., 2017 and
Villiger et al., 2017, in this volume, for other winter storms over Western Europe).
Typical storm weather conditions in Western and Central Europe during the month of
March 1876 fostered the development of an extreme storm from 9 to 11 March affecting parts
of Western and Central Europe. In the morning of 12 March the intensive and destructive
cyclone developed in the southwestern part of England. It then crossed northern France, the
Benelux countries, Germany and Denmark. Figure 1 shows the storm as depicted in the
weather report of the Deutsche Seewarte (Jelinek and Hann, 1876; Lowinski, 2007; Reinert
and Köppen, 1876a, 1876b). According to Lowinski (2007) a wind gust with over 170 km/h
was measured in Brussels on 12 March 1876.
The “Märzorkan” hit several densely populated areas and important industrial locations,
causing severe damage. It destroyed numerous buildings, bridges and telegraph circuits. In
particular the heavy rainfall caused widespread damages in the affected areas of the storm.
Many cities were flooded, for example Koblenz shown in Figure 2, and high water levels
were recorded in most of the rivers in the former German Reich (Jelinek and Hann, 1876;
Lowinski, 2007).
The “Märzorkan” was investigated in several studies, both contemporary and present
(e.g., Jelinek and Hann, 1876; Lowinski, 2007; Scott, 1877). According to these reports, it is a
typical storm event with a characteristic storm track and wind speeds at similar levels
compared to other European winter storms in the last centuries (Jochner et al., 2013; Lamb
and Frydendahl, 1991; Schneider et al., 2013; Welker and Martius, 2015; Wernli et al., 2002).
At this point it should be noted that the “Märzorkan” is not mentioned in the book of Lamb
and Frydendahl (1991) Historic storms of the North Sea, British Isles, and Northwest Europe.
The aim of this paper is to examine the “Märzorkan” in the Twentieth Century
Reanalysis version 2c (20CRv2c) dataset (Compo et al., 2011). Particularly in the early
decades, the quality of 20CRv2c needs to be assessed carefully. The present paper provides a
case study of the representation of a heavy storm event in the 19th century in 20CRv2c.
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Figure 2. City of Koblenz, Germany, 12 March 1876 (from Stadtarchiv Koblenz, https://www.koblenz.de/
stadtleben_kultur/stadtarchiv_eisenbahnsaeule_hochwassersaeule.html).

This paper is structured as follows. In Section 2, an overview about the data and methods
used is given. The results are described in Section 3, which are then discussed and compared
with other analysis in Section 4. Finally, conclusions are given in Section 5.

2. Data and Methods
The data used in the paper is the version 2c of the Twentieth Century Reanalysis (20CRv2c).
20CR is a global atmospheric dataset based only on the assimilation of surface and sea-level
pressure (SLP) observations. An Ensemble Kalman Filter is used to assimilate the
observations into the NCEP/GFS model (Saha et al., 2010), which uses sea-surface
temperature (Giese et al., 2016) and sea-ice distribution as boundary conditions. The dataset
has a six-hourly temporal resolution and a 2° x 2° latitude-longitude spatial resolution, 28
vertical levels and spans back to 1851 (Compo et al., 2011). The introductory paper to this
book (Brönnimann, 2017) provides more details on this and other data sets used in this book.
The paper focuses on the variables 10-m wind speed, 850 hPa wind speed (note that this
was calculated from the ensemble mean, not the individual members, and thus cannot be
compared quantitatively with other data sets, although the time evolution should still provide
meaningful results; see Brönnimann et al., 2013), SLP, and 500 hPa geopotential height
(GPH). Additionally, daily precipitation is considered since floods were responsible for much
of the damage. The domain of study and the stations used for the 20CRv2c assimilation for
the assimilation interval at the peak of the storm are shown in Figure 3. The station network
was still rather sparse in 1876 (see Meyer et al., 2017, for the same plot for 1881). For most of
the analyses in this paper the ensemble mean is used, but we also analysed the ensemble
spread (i.e., standard deviation) and for some analyses the individual ensemble members.
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Figure 3. Domain of study, orography as represented in 20CR, and pressure observations assimilated into
20CRv2c on 12 March 1876, 6 UTC.

In order to track the storm, the pressure minima of the secondary pressure low of each
time step from 12 March, 6 UTC, until 13 March, 12 UTC, was plotted. Further, the location
of the minimum pressure was interpolated using the following equation (Eq. 1) for longitude
and latitude separately, as proposed by Neff et al. (2013).

 min   0    

p 1  p 1
2  p 0  max(p  1 , p 1 )

(1)

Here, -1 and 1 refer to the pressure at the grid points north and south (west and east), of
the minimum in the gridded pressure field 0, the latitude (or longitude) of 0 is expressed by
0, and ∆ is the spatial resolution of 20CR (i.e., 2°).
For further analyses the 20CRv2c results were compared to historical weather maps. We
used the information published in Scott (1877) as well as maps issued by the Deutsche
Seewarte (Reinert and Köppen, 1876a, 1876b).

3. Results
Based on the analysis with 20CRv2c, in the evening of 8 March 1876 a low-pressure system
was located north of Great Britain (not shown). During 9 March it strengthened and moved
eastwards towards Scandinavia.
The depression reached its minimum pressure (~945 hPa) in the evening of 9 March.
Accordingly, the geopotential height at 500 hPa was very low, around 4900 gpm. 48 hours
later, the SLP at the centre had already increased to around 970 hPa (Fig. 4). On 12 March a
secondary low-pressure system formed in southern England as shown in Fig. 4 (bottom left).
During the next 24 hours this secondary low moved over the British Channel, the Benelux
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Figure 4. Sea-level pressure (contours) in hPa and geopotential height (colour shading) at 500 hPa during the
“Märzorkan” of 1876. Panels show the situation on 9 March, 6 UTC (top left), 11 March, 6 UTC (top right), 12
March, 6 UTC (bottom left) and 13 March, 6 UTC (bottom right).

countries, Germany and towards the south-eastern part of the Baltic States (Fig. 4, bottom
right). The track of the pressure low's minima during the main storm event on 12 March
follows a clear path leading from Southern England over the British Channel to Northern
France, the Benelux countries on to Germany and Denmark (Fig. 5). In Figure 4 (top left and
top right) high pressure gradients over the Atlantic appear as well. In parallel, as the lowpressure system over Scandinavia weakened and a secondary low developed, the pressure
gradient of the main low weakened and the gradient south of the secondary low over Benelux
strengthened.
While Figure 4 shows the ensemble mean, we also analysed the ensemble spread. During
the period of the storm, the ensemble spread of SLP remained below 2 hPa over almost the
entire analysis domain except towards the central North Atlantic (not shown).
On 9 March the strong pressure low over the UK and the high pressure gradients caused
heavy north-westerly winds off the coast of Ireland and south-westerly winds (>30 m s-1 at
850 hPa) from the eastern Atlantic to Germany (Fig. 6). The strength of the winds decreased
on 11 March as the pressure low weakened. On 11 March wind speeds with values between
12.5 and 17.5 m s-1 appear in 20CRv2c (Fig. 6). On 12 March, the secondary low caused
strong westerly winds over the Atlantic towards the French Coast with wind speeds around 25
to 30 m s-1 (Fig. 6). These winds weakened with the storm's progress onshore. Maximum
wind speeds with approximately 26 m s-1 are found in 20CRv2c over northern France and
northern Germany. On 13 March wind speeds above 20 m s-1 still occurred over Poland (Fig.
6).
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Figure 5. Track of the storm’s pressure minima in the ensemble mean. The leftmost point indicates the storms
position at 12 March 6 UTC and the rightmost point at 13 March 12 UTC, time steps between the points are 6
hours.

Figure 6. 850 hPa wind speed (colour shading) in m s-1 and wind direction during the “Märzorkan” of 1876.
Panels show the situation on 9 March 6 UTC (top left), 11 March 6 UTC (top right), 12 March 6 UTC (bottom left)
and 13 March 6 UTC (bottom right).
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Figure 7. Time series of sea-level pressure in hPa (top) and 10-metre wind speed in m s-1 in 20CRv2c at the
location of Brussels. The solid line and grey shading denote the ensemble mean and range.

SLP and 10-metre wind speed for the storm period were extracted from 20CRv2c for the
location of Brussels (Fig. 7). Note that in this case, wind speed was calculated from the
individual ensemble members. The evolution of these variables shows a first drop in pressure
on 9 March (~985 hPa) and wind speeds around 17 m s-1. A second drop in pressure linked to
the secondary low is visible on 12 March (~983 hPa) with associated winds of ~12 m s-1. The
range of the 56 ensemble members amounts to around 5 hPa and 6 m s-1, respectively. The
ensemble range is much smaller than the variations for SLP, but less so for wind speed.
On 9 March the highest amounts of precipitation fell around the pressure low southwest
of Scandinavia and over Germany as can be seen in Figure 8. Up to 26 mm d-1 fell around
Köln. On 11 March, 20CRv2c displays almost no precipitation (Fig. 8, top right). However,
again on 12 March, a considerable amount of precipitation of approximately 14 to 18 mm d-1
fell in France and Germany, roughly where the location of the storm can be assumed (Fig. 8,
bottom left). The plot of 13 March does not show any strong precipitation event (Fig. 8,
bottom right).

4. Discussion
Only sparse observations informed the 20CRv2c dataset, which in addition is based on a
relatively coarse resolution model. Thus, the accuracy of the results obtained with 20CRv2c
during the “Märzorkan” of 1876 is an interesting test case. Therefore, in this section the
20CRv2c reanalysis data is compared to scattered quotes in literature, the weather maps of the
Deutsche Seewarte (Reinert and Köppen, 1876a, 1876b) (Fig. 9) and the maps created by
Scott (1877) based on the measured data.
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Figure 8. Daily precipitation accumulation in mm during the “Märzorkan” of 1876. Panels show the situation on 9
March 6 UTC (top left), 11 March 6 UTC (top right), 12 March 6 UTC (bottom left) and 13 March 6 UTC (bottom
right).

According to the values in Scott (1877), the low-pressure system that initiated the
“Märzorkan” lay north-east of Scotland in the morning of 9 March with a pressure value in
the centre around 28.1 inches of mercury (inHg), which corresponds to approximately 950
hPa (Fig. 10, top left). As mentioned in Section 3, the ensemble mean of 20CRv2c shows a
similar value with 945 hPa, which is thus in good agreement. Scott (1877) also describes the
same track of the pressure minimum and equal pressure values during the following days
(Fig. 10, top right). The historical pressure map (Fig. 10, bottom left) also proves the
development of a secondary low on 12 March over South England. On the same day, Scott
(1877) and Lowinski (2007) describe a fast movement of the pressure minimum from
Southern England over the British Channel to Northern France, the Benelux countries to
Germany and Denmark. This path is very similar to the one obtained with 20CRv2c data (Fig.
5). The lowest pressure value measured on 12 March at 8 UTC, according to Scott (1877),
was 28.62 inHg (≈ 970 hPa). In 20CRv2c the minimum is around 980 hPa and is located
slightly more to the north. Both historical and 20CRv2c pressure maps show that in the
morning of 13 March the depression had continued towards the south-eastern part of the
Baltic States and the pressure values were around 970 hPa in the ensemble mean of 20CRv2c
(Fig. 9, bottom right) and 965 hPa on historical charts. As stated by Scott (1877), it is a
remarkable fact that the values of the pressure minimum recorded over the various places
along the storm track were almost identical.
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Figure 9. Weather report on 12 March 1876 from the Deutsche Seewarte (Reiner and Köppen, 1876b; source:
Deutscher Wetterdienst).

The location of the pressure lows is well depicted in 20CRv2c but the pressure gradient
is underestimated in the ensemble mean. This might explain why 10-m wind speeds in
20CRv2c are slightly lower than the observed values (note that wind speed in Fig. 7 is
calculated from the ensemble members). Comparing 10-m wind speed between observations
and 20CRv2c is difficult due on the one hand to issues of horizontal, vertical, and time
resolution in 20CRv2c (e.g., the lowest model level in 20CRv2c is at ca. 40 m and the 10-m
wind is parametrized; given the coarse 2° resolution, surface roughness might not be locally
representative; wind refers to the model state at a given time, not a maximum such as for wind
gusts) and to observation uncertainties (station surroundings have a strong effect on wind
speed, the exact height of the anemometer is mostly unknown, wind measurements are highly
uncertain). This is discussed in the following.
According to Lowinski (2007) in northern and western France, northern and central
Germany and Denmark mean wind speeds between 17.2 and 28.2 m s-1 have been reported
during the “Märzorkan”. The averaging time used by Lowinski (2007) is not known. The
maximum values of 10-m wind speed over land in Europe in 20CRv2c in the ensemble mean
(calculated from the individual ensemble members) are around 15 m s-1. A strong wind gust
over 170 km h-1 (48 m s-1) was measured on 12 March 1876 in Brussels (Lowinski, 2007),
whereas 20CRv2c on that day shows a maximum ensemble mean wind speed of 15 m s-1
(highest member 19 m s-1) in the area over Belgium (Fig. 7). This difference may be due to
the fact that the observation represents a single gust, while 20CRv2c gives a state value
representative for a three-hour interval.
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Figure 10. Sea-level pressure maps drawn by Scott (1877). Contours are in inHg.

During the “Märzorkan” not only wind speeds but also precipitation led to serious
damages (Jelinek and Hann, 1876; Lowinski, 2007; Scott, 1877). According to Scott (1877),
0.9 inches of rain (22.86 mm) fell within 6 hours at Plymouth in the night from 11-12 March.
This corresponds only little with the values obtained by the 20CRv2c data. The literature
quotes indicate much more precipitation. They refer to persistent and heavy rainfall events
which led to high water in numerous rivers, causing flooding (Jelinek and Hann, 1876;
Lowinski, 2007; Scott 1877). The three-hourly precipitation rates in 20CRv2c (ensemble
mean) amounted to ca. 14-18 mm d-1, which is considerably less.
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5. Conclusions
The comparison of the 20CRv2c data set with historical reports shows that they are in good
quantitative agreement. The results obtained with 20CRv2c give a plausible overview of the
meteorological situation that caused the “Märzorkan” of 1876. This concerns especially the
development of the low-pressure system, including its track from the North Atlantic over
Great Britain, France, the Benelux Countries and Germany towards Scandinavia. The values
of the pressure minima are slightly overestimated in 20CR.
While it is remarkable that a good agreement of the evolution is found despite the coarse
resolution of the reanalysis and the sparse observations that contributed, there are differences
between observations and 20CRv2c arguably due to these factors. Phenomena that develop on
a smaller scale, such as precipitation, seem to be difficult to capture realistically with
20CRv2c. The accuracy of the results about precipitation obtained in this paper is
unsatisfactory. In particular with regard to the wind speeds depicted with 20CRv2c, the
analysis shows that the number and locations of observations included in 20CRv2c might play
a role. For further analysis it would be interesting to consider the individual ensemble
members in more detail. Nevertheless, the reanalysis of the “Märzorkan” of 1876 confirms
the applicability of 20CRv2c at least for analysing the storm development for this extreme
case.
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The “Royal Charter” Storm of 1859
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Abstract
On 25 and 26 October 1859, the British Isles were hit by a severe storm, named after the ship
“Royal Charter” that sank nearby Anglesey, England. At that time Robert FitzRoy, a former
officer of the Royal Navy, recorded the course of events and produced hand-drawn weather
maps. Today the Twentieth Century Reanalysis (20CR) version 2c provides new insight into
the incident. 20CRv2c is used in this study to analyse the development and evolution of the
storm. Further, the reanalysis is assessed in a comparison with historical documents. During
the analysed period (24-27 October 1859), the 20CRv2c ensemble mean describes a trough
with an embedded low-pressure system centred over the British Isles with a cyclonic
circulation at the surface. However, the associated winds underestimate the values reported in
the historical sources. The jet stream at higher levels is not co-located but south of the storm.
A deeper look into individual members of 20CRv2c shows a large variability among them
with a different position, timing and intensity of the low-pressure system. Although some
members do produce a strong storm, the ensemble does not cover the observed strength and
timing of the storm.

1. Introduction
The “Royal Charter” storm on 25-26 October 1859 is regarded as one of the strongest storms
affecting the Irish Sea during the 19th century. The storm was named after the ship “Royal
Charter” (Fig. 1), which was caught by the storm on its way from Australia to the United
Kingdom. Approximately five hundred passengers and a huge amount of precious gold
bullions were on board of the ship. After a brief stop in Queenstown, in the south of Ireland,
*
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the “Royal Charter” took off on 25 October 1859 to its final destination Liverpool (Booth,
1970).
During the night the winds intensified and the ship anchored off the north coast of
Anglesey to wait for the storm to die down. Nevertheless, in the morning of 26 October 1859
the ship was smashed to pieces when the strong winds pushed it onto the cliffs of Moelfre, a
village on Anglesey's north-eastern coast. Around 450 persons on the Royal Charter died, the
total loss of lives of the storm was around 800.
The “Royal Charter” storm had lasting effects on meteorology in Britain and around the
world (for the following see Booth, 1970; Burroughs, 1993; Lamb and Frydendahl, 1991;
Anderson, 2005; Moore, 2015). Already in the 1854, the Meteorological Department (which
later became the Met Office), led by Admiral Robert FitzRoy, had planned a storm warning
system. The “Royal Charter” tragedy shocked Britain so deeply that preventing similar future
catastrophies became an important issue. After this event, the warning system was approved
and put into service in 1860. Initially, thirteen observing stations at telegraph stations
transmitted daily observations to the headquarters in London (a similar system was built in the
Netherlands). Warnings were telegraphed back to the stations, where visual signs were raised
to warn the ships. The system caused tremendous public debate, though it was arguably
effective in warning ships in British coastal waters (Moore, 2015). Then, in August 1861, the
first meteorological forecast was printed in a newspaper. The fact that a government agency
issued an (unauthorized) forecast led to an even more heated and lasting debate, perhaps
contributing to the tragic suicide of FitzRoy in 1865.

Figure 1: Undated painting of the Royal Charter by an unknown artist. Image credit: State Library of Queensland.
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Detailed weather maps and a description of the “Royal Charter” storm were produced by
FitzRoy (1860; cited in Lamb and Frydendahl, 1991). In the following, these historical
sources are compared to the fields of the 20CRv2c dataset. This study aims at answering two
research questions: Is the “Royal Charter” storm system reproduced in 20CRv2c? Is the
“Royal Charter” storm in the reanalysis qualitatively comparable to FitzRoy’s weather
interpretations and weather maps? Two further storms over Western Europe are studied in the
papers of Meyer et al. (2017) and Ernst at al. (2017) in this volume.
The paper is organised as follows. Section 2 describes the reanalysis data and the
methods used to compare the historical data with the reanalysis data. The results are
illustrated in Section 3 and discussed in Section 4. Finally, the conclusions are drawn in
Section 5.

2. Data and Methods
All reanalysis data used in this study originate from the Twentieth Century Reanalysis,
version 2c (20CRv2c; Compo et al., 2011). The reanalysis is based on the assimilation of
surface observations of synoptic pressure from the International Surface Pressure Databank
(Cram et al., 2015) into a model that uses monthly sea-surface temperature and sea ice
distribution (Giese et al., 2016; Hirahara et al., 2014; see Brönnimann, 2017 for details on all
data sets used in this book) as boundary condition. By means of an Ensemble Kalman Filter
data assimilation, the most likely state of the global atmosphere is estimated. 20CRv2c
reaches as far back as 1851, with a six-hourly temporal resolution. Note, however, that the
data coverage is poor in the beginning of the data set. For the case of the “Royal Charter”
storm, Figure 2 shows the observations assimilated into 20CRv2c for the analysis at 12 UTC,
25 October 1859. Only two stations were within 1000 km distance of Anglesey.

Figure 2. Topography of the 20CRv2c dataset. White dots show all observations assimilated into 20CRv2c from
06 to 12 UTC on 25 October 1859. The location of Anglesey is marked with a red star.
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20CRv2c is an ensemble product with 56 individual members, which provides some
information on uncertainty (see Brönnimann, 2017). In this paper we use first the ensemble
mean and then analyse individual members.
To analyse the “Royal Charter” storm, we analyse data from 24-27 October 1859 within
a spatial domain reaching from 30° W to 32° E and 34° N to 64° N. The variables investigated
are the geopotential height (GPH) at 500 hPa, pressure reduced to mean sea level (SLP), wind
at 850 hPa and wind at 250 hPa.
The reanalysis is compared with historical weather charts based on FitzRoy. One of
FitzRoy’s charts is reproduced in Figure 3. However, Lamb and Frydendahl (1991) point out
that FitzRoy’s maps are difficult to interpret and that only temperature measurements provide
reliable information. We therefore use the weather charts drawn by Lamb and Frydendahl
(1991), but which are based on FitzRoy’s charts.
In the following, FitzRoy’s view of the “Royal Charter” storm is first established in the
frame of a literature review, mainly based on Lamb and Frydendahl (1991). Second, the
historical information is compared to selected variables from the reanalysis. In the
comparison the ensemble mean as well as individual ensemble members are considered.

Figure 3. One of the original charts produced by FitzRoy to demonstrate his understanding of the “Royal Charter”
storm. Wind strength is shown by the length of the line, red and blue lines represent pressure and temperature and
weather conditions such as cloud and rain are shown by the markings in the small boxes (Information provided by
the National Meteorological Library and Archive – Met Office, UK).
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3. Results
In the following three sections the results from the literature (Sect. 3.1) and from the
20CRv2c reanalysis (Sect. 3.2, 3.3) are illustrated.

3.1. FitzRoy’s weather interpretations and historical maps
From the information in Lamb and Frydendahl (1991), the track of the cyclone can be
reconstructed (Fig. 4). The storm depression, first noticed in the Bay of Biscay near Cape
Finisterre on 24 and 25 October 1859, reached the British Isles on 25 October 1859. On the
next day, the cyclone made its way from Cornwall to Yorkshire coast near Flamborough
Head. From there it moved along the coast of Scotland until it reached the North Sea between
Shetland Isles and Norway on 27 October 1859 (Lamb and Frydendahl, 1991).
Portugal, Spain, France and the south of the British Isles experienced strong SE or SW
winds on 25 October 1859. In the course of the day and on 26 October 1859 a sharp shift from
southerly to northerly winds took place over England, Wales and Scotland. The strongest
winds occurred in the Irish Sea on 25 and 26 October 1859, in the shape of a narrow stream
from N or NNE. According to FitzRoy the wind gusts reached a speed of 26-44 m s-1 (52-87
knots). However, when the cyclone crossed England an area of 15-25 km width in its centre
remained calm (Lamb and Frydendahl, 1991).
Based on FitzRoy’s weather maps, Lamb and Frydendahl (1991) propose two weather
maps showing the wind pattern and pressure fields in the morning of 25 and 26 October 1859
(Fig. 5). The winds responsible for the sinking of the “Royal Charter” are associated with a
slow moving cold front. The area affected by strong winds did not exceed a scale of 300-500
km. Gale winds arose on an even smaller scale. Thus, the storm had a rather small spatial
extension. The storm developed near the trough axis, therefore Lamb and Frydendahl (1991)
did not expect a jet stream along the storm’s track.

Figure 4: Track of the “Royal Charter” storm according to the description in Lamb and Frydendahl (1991).
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Figure 5: Weather map of 25 October 1859 at 09:00 a.m. (left) and 26 October 1859 at 09:00 a.m. (right)
reconstructed by Lamb and Frydendahl (1991) based on FitzRoy’s hand-drawn weather maps.

In the following we describe the weather maps reconstructed by Lamb and Frydendahl
(1991) based on FitzRoy’s maps. On 25 October 1859 four low-pressure systems surrounded
the British Isles. The most pronounced system, with a minimum pressure of 990 hPa and an
evolved front, was located over the Bay of Biscay. Two low-pressure systems, with a
minimum pressure of 1000 hPa, were located north and north-west of the British Isles. The
former had a cold front, elongated to the Anglesey coast, with strong winds of 12-16 m s-1
(23-32 knots) and overcast clouds. A fourth low-pressure system, with a minimum pressure of
995 hPa and a cold front, was located between Shetland Isles and Norway.
The next day, again four low-pressure systems are seen on the map, two north of the
British Isles, one east of the British Isles and one over the east coast of the British Isles near
Flamborough. The latter system, with a minimum pressure of 990 hPa, was the strongest of
the four. It was accompanied by strong winds of 16 m s-1 (32 knots) and overcast sky. The
central pressures of the remaining three cyclones were about 1005 hPa.

3.2. The “Royal Charter” storm in the 20CRv2c ensemble mean
The 20CRv2c ensemble mean 500 hPa GPH shows a trough centred over the British Isles
during the whole period (Fig. 6). The trough was most pronounced on 24 and 26 October
1859 with values around 520 geopotential decametres (gdm) and weakened on 27 October
1859. The SLP field displays a strong low-pressure system during the first two days centred
over northern England and during the last two days centred over central England.
According to the 20CRv2c ensemble mean of the 850 hPa wind field (Fig. 7, calculated
from the ensemble mean u and v), the British Isles were more or less located in the centre of
the cyclonic rotation. Therefore, the winds near Anglesey were calm with 4-6 m s-1 during the
analysed period. The north-western coast of the British Isles were in a north-easterly wind
field. In this region, the wind speeds were highest on 24 October 1859 when values of 12-16
m s-1 are found in 20CRv2c. The south-westerlies of the cyclone, passing by the southern-east
coasts of the British Isles, were strongest on 26 October 1859 when a maximum of 22 m s-1
was reached. On 27 October 1859 the cyclonic circulation disappeared.
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Figure 6. 20CRv2c ensemble mean of 500 hPa GPH (colours) in gdm and SLP (contours) in hPa for 24 October
(upper left), 25 October (upper right), 26 October (lower left), and 27 October 1859 (lower right) at 12 UTC. The
lowest and highest values of the SLP field are marked with an L and an H, respectively.

Figure 7. 20CRv2c ensemble mean of 850 hPa wind (vectors) in m s-1 for 24 October (upper left), 25 October
(upper right), 26 October (lower left), and 27 October 1859 (lower right) at 12 UTC. The colour indicates wind
speed as calculated from the ensemble mean u and v.
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Figure 8. 20CRv2c ensemble mean of the wind speed (shaded colors) at 250 hPa in m s-1 and the wind direction
represented as arrows for 24 (upper left), 25 (upper right), 26 (lower left) and 27 October 1859 (lower right) at 12
UTC. The wind arrows are scaled according to the wind speed.

Finally, the 20CRv2c ensemble mean of the wind at 250 hPa (Fig. 8) shows the jet
stream passing south of the British Isles. Strong north-westerlies were present west of the
British Isles and strong south-westerlies east of the British Isles. On all four days wind speeds
of 40-44 m s-1 (calculated from ensemble mean u and v) were reached. In accordance with the
location near the trough axis, the wind conditions aloft the British Isles were calm.

3.3. The “Royal Charter” storm in the 20CRv2c ensemble members
Time series of SLP and wind at 850 hPa taken at the location of Anglesey (4°19 W, 53°16 N,
Fig. 8) show a large variability among the 56 ensemble members. We selected three members,
which exhibit maximum wind speed values between 18 and 23 m s-1, but with a different time
evolution. In the first member (#39, Fig. 9, red line) the maximum wind speed was reached on
25 October 1859, 18 UTC, followed by a rapid weakening. In the second selected member
(#51, Fig. 8, green line), the maximum was reached on 26 October 1859 at 18 UTC,
extending until the next day. In the third member shown (#5, Fig. 9, blue line) the maximum
is found on 27 October 1859 at 12 UTC, again followed by a rapid decrease of the wind
speed. The development of the SLP is very similar for all three members with minima of 990
hPa (Fig. 9, red and blue lines) or 995 hPa (Fig. 9, green line) during 26 October 1859.
All three selected ensemble members show a trough centred above the British Isles with
a low-pressure system near the trough axis (Fig. 10). However, the position of the lowpressure system differs. In member #5 (Fig. 10, left) it is located over the North Sea, in
member #39 (Fig. 10, middle) off the south-western coast of England and in member #56
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Figure 9. Temporal evolution of (top) sea-level pressure in hPa and (bottom) wind at 850 hPa in m s-1 in Anglesey
from 25 to 27 October 1859. The ensemble mean is shown in a thick black line, the ensemble spread in grey and
the members are coloured individually: member #5 (blue), #39 (red) and #51 (green). The time window in which
the “Royal Charter” sank is marked with a black line that ends in a dot on both sides.

Figure 10. (top) GPH at 500 hPa in gdm (shaded colors) and SLP in hPa (contours) and (bottom) wind speed at
850 hPa in m s-1 (shaded colors) and wind direction indicated as arrows for the 20CRv2c ensemble member #5 on
27 October 1859 at 06:00 UTC (left), member #39 on 25 October 1859 at 18:00 UTC (middle), and member #51
on 25 October 1859 at 18:00 UTC (right).

(Fig. 10, right) again over the North Sea. In members #39 and #51, the central pressure of the
cyclone amounts to 990 hPa, in member #5 the central pressure is 995 hPa.
All three members show a cyclonic wind field. In members #5 and #51 the cyclone is
located such that northerlies and north-easterlies arise over the Irish Sea. In member #39, the
north of the British Isles is affected by westerlies, while the south lies in the relatively calm
storm centre. Wind speed maxima of 21-30 m s-1 are found in the members.
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4. Discussion
According to Lamb and Frydendahl’s (1991) interpretation based on FitzRoy’s notes, a lowpressure system centred near the east coast of England in the morning of 26 October 1859 was
responsible for the N or NE winds shipwrecking the “Royal Charter”. This low-pressure
system moved from the Bay of Biscay across England to the North Sea. On the weather map
describing the situation in the morning of 26 October 1859 (Figs. 3, 5), the low-pressure
system is displayed with a minimum pressure of 995 hPa and is associated with wind speeds
of 16 m s-1. However, FitzRoy estimated the highest gusts of wind to 26-44 m s-1. Other
characteristics of the storm are its position close to the trough's centre, a calm centre and an
overall small spatial extension (Lamb and Frydendahl, 1991).
The 20CRv2c ensemble mean meets Lamb and Frydendahl’s (1991) interpretation in
several aspects. A trough centred above the British Isles with a low-pressure system close to
the trough's axis is reconstructed by the reanalysis. The low-pressure system - similar to Lamb
and Frydendahl’s respectively FitzRoy’s weather map (Figs. 3, 5) - has a minimum pressure
of 995 hPa on 26 October 1859. The wind field at 850 hPa represents the calm storm centre
above England. The jet stream aloft – as expected with the storm’s position close to the
trough axis - is not co-located with the storm. However, the storm’s propagation from the Bay
of Biscay to the North Sea is not observable in the reanalysis mean. Furthermore, the wind
speeds at 850 hPa are lower than proposed by Lamb and Frydendahl (1991) or FitzRoy (1860;
cited in Lamb and Frydendahl, 1991) and the maximum wind speeds are over Ireland rather
than near Anglesey. There is no N or NNE flow evident above the Irish Sea.
The 20CRv2c ensemble mean is however not enough to perform a complete analysis of
the event. A closer look at the ensemble spread and three individual members reveals a large
variability in the reanalysis. It shows the importance of having a large panel of members,
especially for early events like the “Royal Charter” storm. The ensemble mean does not
capture the details of the event and there is a large spread among the ensemble members. The
ensemble mean underestimates extremes (see Brönnimann, 2017), particularly as tracking the
strongest observed storms carries a selection bias. It is therefore more relevant to know
whether the ensemble as a whole contains the observed event.
The analysis of the ensemble members reveals that the low-pressure system and the
strong winds associated are not well captured by member #39. Members #5 and #51 give a
more realistic situation with northerly wind components near Anglesey. The wind speeds
proposed by the individual members are higher than the ones of the ensemble mean.
However, none of the members reports wind speeds as high as described by the historical
sources.

5. Conclusions
In a first step, we established FitzRoy’s view on the “Royal Charter” storm. Next, we
compared the historical information to selected mean variables from the reanalysis. Finally,
we looked at the ensemble spread and three specific members.
From the comparison we conclude that the storm is reproduced in the reanalysis, i.e., we
could find a cyclone over the British Isles during the period proposed by the historical source.
However, the exact location of the cyclone – in the ensemble mean, but also in one of the
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investigated members – does not meet the situation described by FitzRoy. We could find
northerly winds at Anglesey in two of the members. Nevertheless, here the timing of the wind
maxima does not coincide with the destruction of the “Royal Charter”. Furthermore, both the
mean and the members report wind speed maxima below the speed proposed by FitzRoy. On
that scale, the “Royal Charter” storm in the reanalysis is not comparable to FitzRoy’s weather
interpretations and weather maps, although 20CRv2c reproduces the synoptic scale situation
relatively well.

Acknowledgements
The 20CRv2c data were provided by the NOAA/OAR/ESRL PSD, Boulder, Colorado, USA from their Web site at
http://www.esrl.noaa.gov/psd/. Support for the Twentieth Century Reanalysis Project dataset is provided by the
U.S. Department of Energy, Office of Science Innovative and Novel Computational Impact on Theory and
Experiment (DOE INCITE) program, and Office of Biological and Environmental Research (BER), and by the
National Oceanic and Atmospheric Administration Climate Program Office. Further, we thank Renate Auchmann
and Jörg Franke for their support and shared knowledge. The project was supported by the EC FP7 project ERACLIM2, H2020 project EUSTACE, and the Swiss National Science Foundation project EXTRA-LARGE.

References
Anderson, K. (2005) Predicting the Weather: Victorians and the Science of Meteorology. Chicago, Univ. Chicago
Press.
Booth, B. J. (1970) The Royal Charter. Weather, 25, 550-553.
Brönnimann, S. (2017) Weather extremes in an ensemble of historical reanalyses. In: Brönnimann, S. (Ed.)
Historical weather extremes in reanalyses. Geographica Bernensia G92, p. 7-22, DOI:
10.4480/GB2017.G92.01.
Burroughs, W. J. (1993) Die Weltwettermaschine. Satellitentechnik, Wettervorhersage und Klimaveränderungen.
Basel, Birkhäuser.
Compo, G. P., J. S. Whitaker, P. D. Sardeshmukh, N. Matsui, R. J. Allan, X. Yin, B. E. Gleason, R. S. Vose, G.
Rutledge, P. Bessemoulin, S. Brönnimann, M. Brunet, R. I. Crouthamel, A. N. Grant, P. Y. Groisman, P. D.
Jones, M. Kruk, A. C. Kruger, G. J. Marshall, M. Maugeri, H. Y. Mok, Ø. Nordli, T. F. Ross, R. M. Trigo, X.
Wang, S. D. Woodruff, and S. J. Worley (2011) The Twentieth Century Reanalysis Project. Q. J. R. Meteorol.
Soc., 137, 1-28.
Cram, T. A., G. P. Compo, X. Yin, R. J. Allan, C. McColl, R. S. Vose, J.S. Whitaker, N. Matsui, L. Ashcroft, R.
Auchmann, P. Bessemoulin, T. Brandsma, P. Brohan, M. Brunet, J. Comeaux, R. Crouthamel, B. E. Gleason,
Jr., P. Y. Groisman, H. Hersbach, P. D. Jones, T. Jonsson, S. Jourdain, G. Kelly, K. R. Knapp, A. Kruger, H.
Kubota, G. Lentini, A. Lorrey, N. Lott, S. J. Lubker, J. Luterbacher, G. J. Marshall, M. Maugeri, C. J. Mock,
H. Y. Mok, O. Nordli, M. J. Rodwell, T. F. Ross, D. Schuster, L. Srnec, M. A. Valente, Z. Vizi, X. L. Wang,
N. Westcott, J. S. Woollen, and S. J. Worley (2015) The International Surface Pressure Databank version 2.
Geoscience Data Journal, 2, 31-46.
Ernst, J., N. Glaus, M. Schwander, and M. Graf (2017) Reanalysis of the “Märzorkan” of 1876. In: Brönnimann, S.
(Ed.) Historical Weather Extremes in Reanalyses. Geographica Bernensia G92, p. 23-34, DOI:
10.4480/GB2017.G92.02
FitzRoy, R. (1859) Notice of the Royal Charter Storm in October 1859. Proceedings of the Royal Society of
London, 10, 561-567.
Giese, B. S., H. F. Seidel, G. P. Compo, and P. D. Sardeshmukh (2016) An ensemble of ocean reanalyses for
1815–2013 with sparse observational input. J. Geophys. Res., 121, 6891–6910.
Hirahara, S., M. Ishii, and Y. Fukuda (2014) Centennial-Scale Sea Surface Temperature Analysis and Its
Uncertainty. J. Clim., 27, 57–75.
Lamb, H. and K. Frydendahl (1991) Historic Storms of the North Sea, British Isles and Northwest Europe.
Cambridge, Cambridge University Press.
Meyer, L., R. Hunziker, J. Weber, and A. Zürcher (2017) An Analysis of the “Great Gale of October 1881“ using
the Twentieth Century Reanalysis. In: Brönnimann, S. (Ed.) Historical Weather Extremes in Reanalyses.
Geographica Bernensia G92, p. 91-100, DOI: 10.4480/GB2017.G92.10.
Moore, P. (2015) The weather experiment. The pioneers who sought to see the future. Chatto & Windus, Random
House UK.

45

Burkart, K. and A.-M. Wyss (2017) The “Great Appalachian Storm” of 1950 in Reanalyses and
Historical Weather Charts. In: Brönnimann, S. (Ed.) Historical Weather Extremes in Reanalyses.
Geographica Bernensia G92, p. 47-58, DOI: 10.4480/GB2017.G92.04

The “Great Appalachian Storm” of 1950 in Reanalyses and
Historical Weather Charts

Kathrin Burkart and Angela-Maria Wyss*
Oeschger Centre for Climate Change Research and Institute of Geography, University of
Bern, Switzerland

Abstract
On the Thanksgiving weekend of 24-27 November 1950, the eastern United States were
struck by one of the most damaging and meteorologically unique winter storms ever recorded.
Forming over North Carolina, the storm quickly moved north, striking western Pennsylvania,
eastern Ohio and West Virginia. These areas were covered with several feet of snow for
multiple days. An accompanying windstorm covered a far greater area. The storm was unique,
mainly, because it featured not only extremely strong winds and heavy snow, but also
included both high and low temperatures. The focus of this paper lays on an analysis to
establish whether the 20CRv2c, ERA-20C, NCEP/NCAR and CERA-20C reanalyses are able
to reproduce the historical measurements and weather charts with respect to pressure, wind
speed, 500 hPa geopotential height, and precipitation rate. The results show that 20CRv2c,
ERA-20C, NCEP/NCAR and CERA-20C are able to reproduce all important large-scale
characteristics of the “Great Appalachian Storm”. The comparison between the four datasets
shows that the reanalysis datasets ERA-20C and CERA-20C, which have a higher spatial
resolution, are able to represent more detailed features than 20CRv2c and NCEP/NCAR
reanalysis.

1. Introduction
Extreme events are particularly relevant for society as they are often associated with large
damages and losses. At the same time, they are rare and hence long time series are required to
study extreme events in detail. This requires comprehensive high-resolution data going back
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in time. New surface-only reanalysis datasets are able to reconstruct atmospheric conditions
of the past based on surface pressure or wind only. These include the “Twentieth Century
Reanalysis” versions 2 and 2c (20CRv2 and 20CRv2c; Compo et al., 2011), the European
Centre for Medium-Range Weather Forecasts (ECMWF) Twentieth Century Reanalysis
(ERA-20C; Poli et al., 2016), and the coupled European reanalysis (CERA-20C; Laloyaux et
al., 2017). However, before these products can be used for statistical analyses of extreme
events, it is important to assess their ability to reproduce individual historical extreme events.
A previous Geographica Bernensia book (Brönnimann and Martius, 2013) focused on the
20CRv2 dataset and its ability to reproduce severe storm and flood events of the past 140
years. For most of the events, a relatively good performance was found, but there were also
events that 20CRv2 missed. This work can now be expanded to compare several products.
The focus of this paper lays on the investigation of the “Great Appalachian Storm” in
1950. On the Thanksgiving weekend on 24-27 November 1950, the eastern United States
were confronted with one of the most damaging and meteorologically interesting winter
storms ever recorded (Fig. 1). The storm became known as the “Great Appalachian Storm”. It
caused 353 fatalities and a huge amount of damages. An analysis will be conducted to
establish whether the reanalyses data sets 20CRv2c, ERA-20C and CERA-20C represent the
storm. Additionally, the extreme events is analysed with the full-input reanalysis
NCEP/NCAR (Kistler et al., 2001) for comparison. In this context the following question is
addressed in this paper: To what extent are the datasets 20CRv2c, ERA-20C, NCEP/NCAR
and CERA-20C able to reproduce the “Great Appalachian Storm” with its distinct features
described in historical weather records from November 1950? An overall goal of this study is
to help assess the quality of the available data for the time frame of the storm.

Figure 1. A woman digs out after the blizzard. Photo courtesy Boston Public Library, Leslie Jones Collection.
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The paper is organized as follows: Section 2 describes the data used for the eventual
comparison, i.e., all reanalysis data sets and the historical observations. In Section 3, we
present our analysis of the specific event. Section 4 discusses the results. Finally, conclusions
are drawn in Section 5.
2. Data and Methods
20CR is an atmospheric data set which is solely based on the assimilation of surface and sealevel pressure observations (Compo et al., 2011). The NCEP CFS Model is used to generate
background fields, with monthly sea-surface temperature and sea ice as boundary conditions.
The new version of 20CR, termed 20CRv2c, was released in 2015 and covers a timespan of
more than 150 years, going back to 1851. It is based on surface pressure data from the
International Surface Pressure Databank (ISPD; Cram et al., 2015) and produces threedimensional state estimates of the atmosphere every six hours using an Ensemble Kalman
Filter-based approach. The model is run at T62 spectral truncation (corresponding to a
horizontal resolution of 2° x 2°) and 24 levels in the vertical. The data set has a six-hourly
temporal resolution, but three-hourly forecasts are provided for several variables. Compared
to 20CRv2, 20CRv2c uses new sea ice and sea-surface temperature fields and an updated
version of ISPD (for further details and differences between the reanalyses see Brönnimann,
2017). As 20CRv2, 20CRv2c is an ensemble product, with 56 equally likely members. In this
study only the ensemble mean is considered. The data assimilated into 20CRv2c for the
analysis of 6 UTC, 25 November 1950 is shown in Figure 2. The figure also shows the model
topography, which is relatively coarse.
ERA-20C is an atmospheric reanalysis dataset of the 20th century, from 1900-2010. In
addition to observations of surface pressure, the data set also assimilates surface marine winds
(see Brönnimann, 2017, for details). It uses a different assimilation scheme than 20CRv2c
(4D-VAR). The ERA-20C products describe the spatio-temporal evolution of the atmosphere,
the land-surface, and ocean waves. The horizontal resolution is approximately 125 km
(spectral truncation T159). The assimilation step is 24 hours (all forecasts are integrated from
06 UTC, Poli et al., 2016), and three-hourly output is provided. ERA-20C is a deterministic
reanalysis (no ensemble, although an ensemble was used to generate the background
covarience).
ECMWF has further developed its assimilation system into an ocean-atmosphere coupled
data assimilation system (CERA) that aims at producing a self-consistent estimate of the
climate system, i.e., a climate reanalysis. The product, termed CERA-20C (Laloyaux et al.,
2017), covers the period from 1901 to 2010 at moderate resolution using similar input as
ERA-20C (see Brönnimann, 2017). In CERA-20C, three-hourly estimates of the coupled
ocean-atmosphere state are available as an ensemble of 10 members. In this study we use
ensemble member #0.
The NCEP/NCAR Reanalysis data set (Kistler et al., 2001) is a continuously updated
(1948–present), global gridded data set that represents the state of the Earth's atmosphere
every six hours. All observations (including radiosonde and satellites) are assimilated. Even
today, this 20-year old data set remains one of the most widely used data sets in atmospheric
science, hence a comparison of this data in its early years with surface-only reanalyses set is
useful. The resolution of the global reanalysis model is T62 (209 km) with 28 levels.
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Figure 2. Topography of the 20CRv2c dataset. White dots show all observations assimilated into 20CRv2c from 0
to 6 UTC on 25 November 1950.

The four reanalysis products are compared with historical weather data and weather
charts (Smith, 1950; Smith and Roe, 1952) for the period 24-27 November, over the domain
20-60° N and 100-50° W. The same time steps as well as levels are used for the analysis and
thus allow qualitative and quantitative comparison of the data sets. The following variables
were analysed:
- geopotential height (500 hPa) at 03:00 UTC
- wind (500 hPa) at 03:00 UTC
- reduced see level pressure at 12:00 UTC
- precipitation rate (mm h-1)
- minimum 2-m temperature on 25 November

3. Results and Discussion
3.1 Description of the event
The “Great Appalachian Storm” in November 1950 was a very severe storm that caused more
than 30 inches (about 76 cm) of snow in many areas along the eastern United States, record
breaking temperatures, and hurricane-force winds (NOAA, www.noaanews.noaa.gov/stories/
s334c.htm, www.weather.gov/jkl/appalachianstorm1950). The “Great Appalachian Storm” is
an atypical “nor’easter” (because of the unusual southeasterly surface winds, the storm is also
called “southeaster”). These are extratropical storms that develop along the North American
east coast (New England, Canada) partly due to strong temperature contrasts. They are often
accompanied by heavy rain or snow, and can lead to severe coastal flooding, coastal erosion,
hurricane-force winds, or blizzard conditions. Nor’easters are most intense during winter. The
cold polar air mass converges with the warmer oceanic air over the Gulf Stream (see Fischer
et al., 2013, for a more typical nor’easter; see also Gassner et al., 2017, in this volume).
50

Burkart and Wyss: The “Great Appalachian Storm” of 1950

Figure 3: Pressure (contour lines) and precipitation rate (shading) on 24 November 1950 at 12 UTC based on (a)
Smith (1950), (b) 20CRv2c, (c) ERA-20C, (d) NCEP/NCAR and (e) CERA-20C.

Figure 4: Pressure (contour lines) and precipitation rate (shading) on 25 November 1950 at 12 UTC based on (a)
Smith (1950), (b) 20CRv2c, (c) ERA-20C, (d) NCEP/NCAR and (e) CERA-20C.

In the following the storm is analysed in the weather charts of Smith (1950), which are
reproduced in Fig. 3a to Fig. 6a. The storm on 24-27 November 1950 was first noted on the
surface weather map of 12:30 UTC, 24 November as a small low developing over North
Carolina and western Virginia. By 00:30 UTC, 25 November, it was obvious that the
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Figure 5: Pressure (contour lines) and precipitation rate (shading) on 26 November 1950 at 12 UTC based on (a)
Smith (1950), (b) 20CRv2c, (c) ERA-20C, (d) NCEP/NCAR and (e) CERA-20C.

Figure 6: Pressure (contour lines) and precipitation rate (shading) on 27 November 1950 at 12 UTC based on (a)
Smith (1950), (b) 20CRv2c, (c) ERA-20C, (d) NCEP/NCAR and (e) CERA-20C.

deepening low over North Carolina had completely captured a place of prominence over
another small low developing in the Great Lakes region. The cold air was swept rapidly
around the low over North Carolina and was associated with a sudden southward elongation
of the centre. By 12:30 UTC, 25 November, the surface low had deepened by 26 hPa. Surface
winds behind the former occlusion through Pennsylvania and New York had changed to a
northerly direction with a somewhat easterly component, the occlusion transforming into a
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warm front. By 00:30 UTC on 26 November, the new centre was located near Cleveland,
Ohio. While the surface low reformed and deepened over Ohio, the 500 hPa low reached its
lowest central value. At 03:00 UTC, 26 November, the low was circling north-wards (Smith,
1950).
By 03:00 UTC, 27 November, the low was centred northeast of Toledo, Ohio.
Subsequently, it moved slowly northwards, reformed over Lake Erie on 28 November, moved
southwards over Washington D.C. and off towards the northeast. It filled rapidly in the
following 24 hours and moved northwards over Lake Huron, though snow continued to fall in
Indiana, Ohio and Pennsylvania. Before completely filling, the low circled southwards again
through Ohio, further prolonging the snow showers (Smith, 1950).
3.2 Comparison of historical data with four reanalyses
In the following, the four days from 24-27 November 1950 will be analysed by comparing
historical weather maps (made by Smith, 1950) with 20CRv2c. In order to further investigate
the accuracy of 20CRv2c, the findings are compared with the additional reanalyses ERA-20C,
NCEP/NCAR, and CERA-20C. As ERA-20C and CERA-20C display a higher spatial
resolution than 20CRv2c and NCEP/NCAR, we expect a more detailed depiction of the event.
Surface Pressure and Precipitation
Since 20CRv2c is based on surface pressure data, the results of the pressure analyses are
expectably good. 20CRv2c is able to reproduce all the characteristic features of the weather
situation of the Thanksgiving weekend in 1950 (Fig. 3-6, b). There is a very good large-scale
spatial correspondence as well as a correspondence of the pressure values.
The comparison with the ERA-20C reanalysis (Fig. 3-6, c) shows that ERA-20C
reproduces an even more differentiated result. For example, ERA-20C allows to reproduce the
small high-pressure cell northwest of the Great Lakes region (Fig. 3, c), which cannot be seen
in the 20CRv2c reanalysis (Fig. 3, b). The NCEP/NCAR reanalysis (Fig. 3-6, d) shows less
smooth lines due to its lower resolution. However, mean sea-level pressure is still very
accurately displayed in comparison to the historical data. The same counts for the CERA-20C
reanalysis (Fig. 3-6, e).
Precipitation fields from all four datasets (Fig. 3-6, b-e) agree relatively well along the
Appalachians and the East Coast and the Atlantic in general. In the Great Lakes region, the
agreement deteriorates. The convective precipitation along the cold front can be seen in all
four datasets. The sharpest gradients are found in ERA-20C and CERA-20C, nicely tracking
the fronts in the hand-analysed charts. In terms of precipitation rate, a direct comparison with
the historical data cannot be done because the used historical data is not quantitative.
Geopotential Height and Wind
The analysis of the 500mb geopotential height in 20CRv2c corresponds well with the
historical data. The magnitudes and the location of the troughs and ridges can be reproduced
very accurately (Fig. 7-10, a-b). ERA-20C as well as CERA-20C show a slightly more precise
positioning of the predominant cyclone (Fig. 7-10, c,e). The NCEP/NCAR reanalysis is very
similar to the 20CRv2c, especially in the south.
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Figure 7. 500 hPa geopotential height (solid lined, in hundreds of geopotential feet) and wind (arrows) on 24
November 1950 at 3 UTC based on (a) Smith (1950), (b) 20CRv2c, (c) ERA-20C, (d) NCEP/NCAR and (e)
CERA-20C.

Figure 8. 500 hPa geopotential height (solid lined, in hundreds of geopotential feet) and wind (arrows) on 25
November 1950 at 3 UTC based on (a) Smith (1950), (b) 20CRv2c, (c) ERA-20C, (d) NCEP/NCAR and (e)
CERA-20C.

In 20CRv2c, wind direction on the 500 hPa level corresponds well with the historical
weather chart (Fig. 7-10, a-b). However, the wind speed is not reproduced well. Overall, the
strongest winds occur along the southern part and are reproduced by 20CRv2c. Compared to
the historical data, it can be recognized that the wind coming from a northwesterly direction is
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Figure 9. 500 hPa geopotential height (solid lined, in hundreds of geopotential feet) and wind (arrows) on 26
November 1950 at 3 UTC based on (a) Smith (1950), (b) 20CRv2c, (c) ERA-20C, (d) NCEP/NCAR and (e)
CERA-20C.

Figure 10. 500 hPa geopotential height (solid lined, in hundreds of geopotential feet) and wind (arrows) on 27
November 1950 at 3 UTC based on (a) Smith (1950), (b) 20CRv2c, (c) ERA-20C, (d) NCEP/NCAR and (e)
CERA-20C.

underestimated in terms of strength. Despite this, the strength of the wind blowing northwards
on the upper eastern side of the cyclone seems to be overestimated in 20CRv2c. Wind in
ERA-20C, NCEP/NCAR and CERA-20C shows a very similar pattern and displays nicely the
corresponding wind flow direction and wind strength. (Fig. 7-10, c-e).
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Temperature
In order to further investigate the accuracy of the 20CRv2c for the Appalachian Storm of
1950, the variable 1000 hPa temperature is analysed. All reanalyses (Fig. 11, a-d) map the
cold wave coming from northwest and are able to roughly replicate the recorded temperature
minima. However, there are also large discrepancies in the accuracy: The 0 °F recorded in
Cincinnati (OH) on 25 November or 7 °F in Pittsburgh (PA) on 26 November (from the
Monthly Weather Review) are strikingly well reproduced by 20CRv2c. Other temperatures
like -23 °F in Pellston (MI) or most of the temperature minima from cities at the coast can
hardly be reproduced with 20CRv2c. Due to the 2° x 2° spatial resolution, a very precise
reproduction cannot be expected. Especially around the Appalachians, where topography
plays an important role in the temperature distribution, the reanalysis is not very accurate.
Surprisingly, the coarse NCEP/NCAR dataset (2.5°x2.5°) shows an excellent performance
(Fig. 11c). ERA-20C exhibits lower temperatures than 20CRv2c. Due to the higher spatial
resolution, small scale features appear in more detail, e.g., a slight warming in the Great
Lakes region. Also, spatial gradients are more pronounced (Fig. 11b). The CERA-20C
temperature agrees well with the other reanalyses, but it considerably overestimates the
observed values (Fig. 11d).

Figure 11. Minimum temperature (°F) at 1000 hPa level on 25 November in (a) 20CRv2c (b) ERA-20C (c)
NCEP/NCAR 1950 (d) CERA-20C.

Meteorological stations in the central part of the study area show a rather accurate
correspondence with the historical data, whereas stations in the north and along the coast
show greater discrepancies. Generally, it can be shown that very low temperature are
overestimated by all reanalyses. This is to be expected to some extent as minimum
temperatures may be influenced by local factors such as cold-air pooling that are not captured
in a coarse reanalysis. It should also be kept in mind that case studies typically suffer from a
selection bias, i.e., they were selected because of their extremeness in observations.
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4. Conclusions
As presented above, the 20CRv2c data are able to reproduce all important large-scale
characteristics of the “Great Appalachian Storm” including surface pressure, geopotential
height and wind with good to very good accuracy. Also, temperature and precipitation
qualitatively correspond with the historical data. However, these variables are strongly
influenced by topography and other local factors and thus, they are difficult to reproduce with
precision. The comparison with the reanalysis dataset ERA-20C, which has a higher spatial
resolution, confirms the findings of the 20CRv2c reanalysis. The same is valid for the
reanalyses NCEP/NCAR and CERA-20C. NCEP/NCAR, the dataset with the coarsest spatial
resolution, agrees relatively well with the other reanalyses and with observations, especially
with regards to temperature.
Overall, 20CRv2c seems to be capable of reproducing large-scale storm events, such as
the “Great Appalachian Storm”. It would be very interesting to further investigate the forecast
variables of the dataset, e.g., precipitation or snow depth. In combination with a downscaling,
more accurate reconstructions could be achieved, especially for regions where topography
plays a key role for synoptic weather activity. The newly coupled reanalysis dataset CERA20C shows promising results and is thus worth further attention.

Acknowledgements
20CRv2c data were obtained courtesy of the NOAA/OAR/ESRL PSD, Boulder, Colorado, USA, from their Web
site at http://www.esrl.noaa.gov/psd/. Support for the Twentieth Century Reanalysis Project dataset is provided by
the U.S. Department of Energy, Office of Science Innovative and Novel Computational Impact on Theory and
Experiment (DOE INCITE) program, and Office of Biological and Environmental Research (BER), and by the
NOAA Climate Goal. The Project used resources of the National Energy Research Scientific Computing Center
and of the National Center for Computational Sciences at Oak Ridge National Laboratory, which are supported by
the Office of Science of the U.S. Department of Energy under Contract No. DE-AC02-05CH11231 and Contract
No. DE-AC05-00OR22725, respectively. The work was supported by the Swiss National Science Foundation
(Project “EXTRA-LARGE”), by the FP7 project ERA-CLIM2 and H2020 project EUSTACE.

References
Brönnimann, S. (2017) Weather Extremes in an Ensemble of Historical Reanalyses. In: Brönnimann, S. (Ed.)
Historical Weather Extremes in Reanalyses. Geographica Bernensia G92, p. 7-22, DOI:
10.4480/GB2017.G92.01.
Brönnimann, S. and O. Martius (2013) Weather extremes during the past 140 years. Geographica Bernensia G89.
Compo, G. P., J. S. Whitaker, P. D. Sardeshmukh, N. Matsui, R. J. Allan, X. Yin, B. E. Gleason, R. S. Vose, G.
Rutledge, P. Bessemoulin, S. Brönnimann, M. Brunet, R. I. Crouthamel, A. N. Grant, P. Y. Groisman, P. D.
Jones, M. Kruk, A. C. Kruger, G. J. Marshall, M. Maugeri, H. Y. Mok, Ø. Nordli, T. F. Ross, R. M. Trigo, X.
Wang, S. D. Woodruff, and S. J. Worley (2011) The Twentieth Century Reanalysis Project. Q. J. R. Meteorol.
Soc., 137, 1-28.
Cram, T. A., G. P. Compo, X. Yin, R. J. Allan, C. McColl, R. S. Vose, J.S. Whitaker, N. Matsui, L. Ashcroft, R.
Auchmann, P. Bessemoulin, T. Brandsma, P. Brohan, M. Brunet, J. Comeaux, R. Crouthamel, B. E. Gleason,
Jr., P. Y. Groisman, H. Hersbach, P. D. Jones, T. Jonsson, S. Jourdain, G. Kelly, K. R. Knapp, A. Kruger, H.
Kubota, G. Lentini, A. Lorrey, N. Lott, S. J. Lubker, J. Luterbacher, G. J. Marshall, M. Maugeri, C. J. Mock,
H. Y. Mok, O. Nordli, M. J. Rodwell, T. F. Ross, D. Schuster, L. Srnec, M. A. Valente, Z. Vizi, X. L. Wang,
N. Westcott, J. S. Woollen, and S. J. Worley (2015) The International Surface Pressure Databank version 2.
Geoscience Data Journal, 2, 31-46.
Fischer, M., S. Lenggenhager, R. Auchmann, and A. Stickler (2013) Synoptic Analysis of the New York March
1888 Blizzard. In: Brönnimann, S. and O. Martius (Eds.) Weather extremes during the past 140 years.
Geographica Bernensia G89, p. 45-52, DOI: 10.4480/GB2013.G89.05

57

Burkart and Wyss: The “Great Appalachian Storm” of 1950
Kistler, R., E. Kalnay, W. Collins, S. Saha, G. White, J. Woollen, M. Chelliah, W. Ebisuzaki, M. Kanamitsu, V.
Kousky, H. van den Dool, R. Jenne, and M. Fiorino (2001) The NCEP-NCAR 50-year reanalysis: monthly
means CD-ROM and documentation. Bull. Amer. Meteorol. Soc., 82, 247-267.
Laloyaux, P., E. de Boisséson, and P. Dahlgren (2017) CERA-20C: An Earth system approach to climate
reanalysis. ECMWF Newsletter, 150, 25–30.
Poli, P., H. Hersbach, D. Dee, P. Berrisford, A. Simmons, F. Vitart, P. Laloyaux, D. Tan, C. Peubey, J.-N.
Thépaut, Y. Trémolet, E. Holm, M. Bonavita, L. Isaksen, and M. Fisher (2016) ERA-20C: An Atmospheric
Reanalysis of the Twentieth Century. J. Clim., 29, 4085–4097.
Gassner, S., L. Frigerio, M. Schwander, and C. Dizerens (2017) The “Great White Storm” of 1913. In:
Brönnimann, S. (Ed.) Historical Weather Extremes in Reanalyses. Geographica Bernensia G92, p. 123-131,
DOI: 10.4480/GB2017.G92.11
Smith, C. D. (1950) The Destructive Storm of November 25-27, 1950. Monthly Weather Review, 78, 204–209.
Smith, C. D. and C. Roe (1952) Comparison between the storms of November 20-22, 1952, and November 25-27,
1950. Monthly Weather Review, 80, 227-231.

58

Franke J., L. Di Marco, M. Pickl, C. Mock, K. Wood, and S. Brönnimann (2017) The “Sitka
Hurricane” in South-Eastern Alaska in the Year 1880. In: Brönnimann, S. (Ed.) Historical Weather
Extremes in Reanalyses. Geographica Bernensia G92, p. 59-67, DOI: 10.4480/GB2017.G92.05.

The “Sitka Hurricane” in South-Eastern Alaska in the Year 1880

Jörg Franke1*, Lorenzo Di Marco1, Moritz Pickl1, Cary Mock2, Kevin Wood3, and Stefan
Brönnimann1
1

Oeschger Centre for Climate Change Research and Institute of Geography, University of
Bern, Switzerland

2

Department of Geography, University of South Carolina, Columbia, United States of
America

3

National Oceanic and Atmospheric Administration, Pacific Marine Environmental
Laboratory, United States of America

Abstract
The extra-tropical cyclone called “Sitka hurricane” of October 1880 was one of the strongest
storms ever to be recorded in the Gulf of Alaska. The USS Jamestown, a military ship moored
off the Sitka harbour when the storm made landfall, observed an extremely low pressure of
958 hPa at sea-level and winds of 12 Beaufort. The aim of this study was to analyse this storm
in version 2c of the Twentieth Century Reanalysis (20CRv2c), in which the USS Jamestown
observations were not assimilated. Because the next assimilated pressure measurements are
located more the 1000 km south of Sitka, the storm cannot be found in the 20CRv2c ensemble
mean; but multiple ensemble members simulate wind speeds close to the observations. In
particular, two ensemble members show a similar pressure and wind-speed evolution at the
right time and location. However, they deviate in the observed passage of a cold front and in
the location the cyclone deepening. Thus, none of the ensemble members reflects exactly the
atmospheric state during the evolution and land-fall of the “Sitka hurricane”. Digitizing and
assimilating additional early instrumental data, such as the log books from ships is crucial for
future improvements of reanalysis products that reach into the 19th century.
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1. Introduction
The south-east of Alaska lies within the zone of mid-latitude westerly winds. Winter storms
are common phenomena, but cyclones are usually in their spin-down phase (cyclolysis) in this
region and hence not severe (Martin et al., 2001). If devastating storms occur, they are mostly
remnants of tropical cyclones that undergo extra-tropical transition and become strong nontropical systems. This was the case, for instance, in October 2015 when remnants of Pacific
Typhoon Oho hit the region of Ketchikan with wind gusts of more than 120 km h-1 and 180
mm of precipitation in a single day.
The lowest sea-level pressure in the region (958 hPa) was recorded on 26 October 1880
by the USS Jamestown in the harbour of Sitka (57°3’ N, 135°20’ W, UTC -8 h), before a
permanent weather station had been installed. This cyclone created the so-called “Sitka
hurricane”, which was one of the strongest storms ever to be recorded on the north-western
coast of North America. The analysis of the event by means of historical data, ship logbooks,
newspapers and written weather reports (Mock and Dodds, 2009) revealed that this storm did
not originate from a tropical cyclone. Mock and Dodds (2009) tracked the origin of the
cyclone back to the Sea of Okhotsk, Western Siberia (Fig. 1). The passage of the cyclone
induced a sharp drop in pressure on the morning of 26 October 1880 in Sitka. At the same
time, the wind reached its maximum speed of up to 12 Beaufort and the cold front decreased
the temperature from 12 to 3 ºC. The wind direction was from the east before the drop,
changed to northeast with the drop and to southeast when the pressure was rising again. This
suggests that the centre of the cyclone was south of the town of Sitka. Gale force winds and
low temperatures well away from the lowest pressure, such as revealed by the diary of
Edward William Nelson and Edward Alphonso Goldman at St. Michael, Alaska, and at St.
Paul Island, Alaska illustrate the large extratropical nature of this storm.
The main limitation to better understand the evolution of this rare and extreme event is
data availability. Now, with version 2c of the Twentieth Century Reanalysis (20CRv2c), a 6hourly resolved global reanalysis that reaches back to 1851, there is the potential for an indepth analysis of this storm (Compo et al., 2011). However, it is not clear if or how well the
storm is resolved in 20CRv2c. A lack of observations in the northern Pacific may result in a

Figure 1. Reconstructed track of cyclone (modified from Mock and Dodds, 2009).
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large ensemble spread. In this case, single ensemble members could still show a storm, which
agrees with the large-scale circulation pattern. The aim of this study is to identify storm
patterns in the North Pacific related to the 1880 “Sitka hurricane” in 20CRv2c.

2. Data
In this section, we describe the data and methods used in this study. The data comprise a
reanalysis data set as well as independent instrumental observations.
Version 2c of the 20CR (Compo et al., 2011) is used in this study. Only 6-hourly
observations of surface pressure from the International Surface Pressure Database (ISPD)
version 3.2.9 (Cram et al., 2015) have been assimilated (Fig. 2). Additionally, monthly seasurface temperature and sea-ice distributions have been prescribed as boundary conditions for
the atmosphere model. The sea-surface temperatures consist of an 18 members ensemble from
the Simple Ocean Data Assimilation with sparse input (SODAsi) version 2 (Giese et al.,
2016) with the high latitudes corrected to COBE-SST2 (Hirahara et al., 2014). We will
investigate both, the 20CRv2c ensemble mean and the ensemble members.
The distribution of assimilated pressure measurements on the day of the storm (Fig. 2)
highlights a lack of observations in the northern Pacific in the year 1880. The closest stations
lie over a thousand kilometres to the south in the Northwest of the Unites States of America.
The data from the USS Jamestown was not included in 20CRv2c.
Observations mainly come from the USS Jamestown, which was moored off Sitka when
the storm struck the coast. They consist of hourly observations of temperature, pressure, wind
force, as well as 12-hourly water temperature measurements and qualitative description of the
weather situation (Mock and Dodds, 2009). Additional observations, published in the same
study, were recorded by the USCS schooner Yukon, south of Unalga Pass/Unalaska.

Figure 2. Locations of pressure observations (white points) on 26 October 1880, 12 UTC in the International
Surface Pressure Database (IPSD) version 3.2.9 and the location of Sitka (red triangle).
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3. Results
3.1 The “hurricane” in observations and the 20CRv2c ensemble mean
First, we examine the time series of the grid box that includes the town of Sitka in the
20CRv2c ensemble mean and compare these to the observations from the USS Jamestown.
The evolution of mean sea-level pressure in 20CRv2c is nearly constant during the period
from 3 days before until 3 days after the “hurricane” (Fig. 3). Pressure decreases slightly from
1008 hPa on 22 October to the minimum of 1000 hPa in the night between 24 and 25 October
1880. The date of the minimum appears already one and a half day earlier than in the
historical data. In contrast to the 1000 hPa of the 20CRv2c ensemble mean, the observational
data shows a very strong pressure drop from 998 to 957 hPa within 15 hours on 26 October
1880.
The temperature evolution of the ensemble means does not drop as would be expected
due to the passage of a cold front (Fig. 3). The temperature measurements from the USS
Jamestown, however, show a remarkable temperature drop of 9 K in only 4 hours.

Figure 3. Time series of the 20CRv2c ensemble means (red) and the USS Jamestown measurements (blue) for
mean sea-level pressure (top), air temperature (middle) and 10-m wind speed (in m s-1 for 20CRv2c and Bft for
observations, bottom) in. Dates represent local time (UTC -8 h).
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Figure 4. 20CRv2c ensemble mean geopotential height (shading, left) and sea-level pressure (contours) over the
North-East Pacific on 26 October 1880, 10:00 AM local time, when the Sitka hurricane made landfall. Ensemble
mean wind speed (shading, right) and direction (black arrows) for the same time and region.

Wind speed of the reanalysis data reaches 6 m s-1 (4 Bft) and does not denote a storm
within grid boxes around Sitka, whereas the wind force observations show a major peak (10
and 12 Bft) on 26 October 1880.
Over the period from 22 October to 1 November 1880, none of the variables of
temperature, sea-level pressure and wind speed shows noticeable features that point to a
severe storm at the grid boxes around Sitka. A look at the entire northeast Pacific region in
20CRv2c reveals a weak low-pressure system (1002 hPa), which was located in the Gulf of
Alaska southwest of Sitka, at the time when the USS Jamestown observed the “hurricane”
(Fig. 4). Because the nearest assimilated pressure observation is located more the 1000 km
south of Sitka (Fig. 2), the 20CRv2c ensemble means does not show a storm. Individual
members might nevertheless exhibit realistic cyclones. To further investigate this possibility,
we look at the single ensemble members as well as temporal and spatial shifts.

3.2 Single Ensemble Members
Because there are no storm patterns in the ensemble mean, we analyse the single ensemble
members to identify model runs, which resolved a storm in the area of interest. Sitka is right
at the edge of two grid boxes in the model, the mostly land covered box 57-59 ºN and the
mostly ocean covered grid box 55-57 ºN. As Sitka is right at the coast the latter is likely more
representative for the conditions in Sitka during westerlies. Time series of all ensemble
members at the grid cell south of Sitka have a large ensemble spread for all variables.
Pressure on 26 October 1880 ranges from about 960 to 1030 hPa, temperature from -5 to 12
ºC and wind speed from almost 0 to 30 m s-1 (Fig. 5).
The ensemble members #25 and #38 (green and orange curve in Fig. 5a) are the
members that have the most pronounced pressure drop within the period when the storm was
observed. In member #38 pressure decreases from 1007 hPa on 24 October 1880 to 973 hPa
on 26 October 1880. In member #25 pressure is already low with 990 hPa in the evening of
25 October 1880 but in the afternoon of 26 October 1880 it drops further down to 960 hPa.
After the drop, the pressure increases again in both members.
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Temperature drops in ensemble members #25 and #38 in the evening of 26 October
1880, only a few hours later then in the observations of the USS Jamestown (Fig. 5b). The
temperature evolution of member #25 is much closer to the measurements with relatively
constant temperatures of 8 to 10 ºC before the event and a drop down to 3 to 5 ºC during the
following days. Only the amplitude of the temperature drop is around 2 ºC smaller in
20CRv2c.
Wind speeds of 12 Beaufort have been visually observed on the USS Jamestown, which
equals around 33 m s-1. Four ensemble members (#6, #33, #48 and #49) reach wind speeds
above 30 m s-1 between 25 and 27 October 1880. These values are grid box averages and will
likely be lower than local wind maxima. Hence, some 20CRv2c members clearly reach
observed wind speeds. A little bit to the south of Sitka (132º W, 52º N), wind speed in one
20CRv2c ensemble member even exceeds 34 m s-1 on a grid box level. Wind speed in
ensemble member #25, which matched best to observations in terms of temporal sea-level
pressure and temperature evolution, exceeds 28 m s-1 on a grid box average and thus are also
in agreement with local observations of 12 Beaufort.

Figure 5. Time series of the 56 ensemble members (dashed grey lines), ensemble mean (red line) and two
ensemble members (#25 dashed blue line, #38 dashed orange line) of mean sea-level pressure (top), air
temperature (middle) and wind speed (bottom) for the nearest grid point to Sitka. Data in local time (GMT-8).
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Figure 6. Wind speed (shading) and direction (arrows) over the North-East Pacific for the ensemble member #25
on 26 October 1880 04:00 local time in Sitka (left) and #38 (right) on 26 October 1880 10:00 local time.

In member #25 the centre of the low-pressure system with below 965 hPa is located to
the southwest of Sitka already 8 hours before the observed hurricane. At this time, highest
wind speeds of more than 35 m s-1 on a grid box level are reached close to the Canadian coast
a few hundred kilometres south of Sitka (Fig. 6). In the grid box at the southern edge of Sitka
wind speeds during this storm were still close to 30 m s-1. In ensemble member #38 the timing
is even more correct with the low-pressure centre of below 970 hPa just west of Sitka at the
time of the event. Also in this ensemble member, grid box average wind speeds are close to
30 m s-1 on the southern edge of Sitka (Fig. 6).
In these two ensemble members the cyclone travels over the northern Pacific Ocean on a
track similar to that proposed by Mock and Dodds (2009). Member #38 has a block over the
Bering Strait region which deviates the cyclone track southward between 22 and 24 October
1880. A cut off exists on the 22 October 1880 in the Aleutian region, which moves eastward
and deepens when it reaches a 500 hPa through close to the Alaskan/Canadian coast.
Member #25, in contrast, has no pronounced upper level waves and thus nearly zonal
flow. A weak cyclone moves from the Aleutian region on 22 October 1880 eastward and
intensifies as well shortly before making landfall at the west coast of North America.
4. Discussion
The ensemble mean of the 20CRv2c reanalysis does not show a severe storm when the socalled “Sitka hurricane” was observed in October 1880, neither in the surrounding days nor
the adjacent area. Indeed, the ensemble means of the variables change only very slightly over
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time because single extreme members get smoothed out. The ensemble spread is large due to
the lack of observations in the northern Pacific region including Canada, Alaska and ship log
books. The closest pressure observation, which got assimilated, is located more than a
thousand kilometres from Sitka in Washington State, United States. Neither observations of
the USS Jamestown nor the USCS Yukon were included in the 20CRv2c reanalysis.
In two of the ensemble members (#25 and #38) sea-level pressure and wind speed evolve
similarly to the observations of the USS Jamestown. However, in contrast to observations,
temperatures in both members start to decrease with a delay of a few hours and not as rapidly
as observed. In both members the cyclones can be tracked back to the Aleutian region and
they follow a commonly observed storm track eastward over the North Pacific (Rodionov et
al., 2007). In contrast to a text book cyclone deepening around the Aleutian Arc, a region with
strong baroclinicity, and a weekening at the Alaskan/Canadian coast, the cyclones in both
20CRv2c ensemble members are weak in the Aleutian region and deepen close to the coast.
This disagrees with observations from the USCS schooner Yukon south of Unalga
Pass/Unalaska on 22-23 October 1880 (Mock and Dodds, 2009), where already a strong
cyclone was measured with 960 hPa pressure at its centre. Snow observation in north-western
Alaska (Fig. 1) appear very unlikely with the Bering Strait block in ensemble member #38.
We conclude that 20CRv2c ensemble member #25 is closest to observations at Sitka and
in terms of the reconstructed cyclone track by Mock and Dodds (2009), which itself is based
on the interpretation of sparse observations. However, that late deepening of the cyclone close
to landfall disagrees with observations south of Unalga Pass. Hence, none of the 20CRv2c
ensemble members simulated the exact weather evolution of the Sitka hurricane.
Nevertheless, multiple ensemble members indicate weather conditions that lead to a storm
with observed wind speeds in the grid cells surrounding Sitka around 26 October 1880.

5. Conclusions
The aim of this study was to identify if the so-called “Sitka hurricane” in October 1880 was
resolved in version 2c of the Twentieth Century Reanalysis. Despite its designation, this was
not a hurricane that developed from a tropical cyclone transition but an extra-tropical storm.
Due to a lack of assimilated observations in the North Pacific, the ensemble spread in this
region is large and hence no storm is visible in the ensemble mean. Hurricane strength storms
in single ensemble members highlight that large scale atmospheric conditions allow for a
strong storm to develop. Two ensemble members appear similar to the observed storm but
deviate in their temperature evolution and the location of cyclone deepening. Including newly
digitized information from data sparse regions, such as log books from ships, will be crucial
for future improvements of 20CRv2c and other reanalysis that extend back into the 19th
century.
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The 1978 Heavy Precipitation and Flood Event in Switzerland
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Abstract
On 7-8 August 1978, severe floods and debris flows, induced by heavy precipitation with
embedded thunderstorms, occurred on both north and south sides of the Swiss Alps. On the
north side, northeastern Switzerland and the Rhine was affected, on the south side, mainly an
area near Lago Maggiore. The associated synoptic weather patterns and dynamics are
analysed using the Twentieth Century Reanalysis (20CRv2c) dataset, and in addition using
the NCEP/NCAR, ERA-20C and CERA-20C reanalyses. Responsible for the heavy
precipitation was an upglide process of warm moist air from the south over and across the
Alps. These dynamics were related to a ‘Vb-type’ lee surface low, a quasi-stationary front
over the Alps, and marked upper-level ascent of air downstream of a ‘digging trough’. The
atmospheric features are well represented in the 20CRv2c dataset, with restrictions regarding
the orographic modulation of the moisture flow and intensity of precipitation, for instance.
Differences to the three other reanalyses products, two with finer resolution, are overall small.

1. Introduction
The Central Alps form a natural barrier for large-scale moisture transport. Large elevation
differences, steep terrain and often concave topography force advected moist air to rise and
condensate (Frei and Schär, 1998). In Switzerland, two Alpine regions are particularly
exposed to heavy precipitation events and subsequent floods: the pre-alpine ranges in northern
Switzerland, and the south side of the Alps.
Here, we investigate a severe flood event induced by heavy-precipitation on both sides of
the Alps. On 7 August 1978, intense and prolonged precipitation in large areas of the Rhine
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catchment led to a flood event on the north side of the Alps that was labelled ‘centennial’ and
‘unpredictable’ at the time (Courvoisier et al., 1979; Scherrer et al., 2006; Aebischer, 1997).
Around noon on 8 August 1978, the discharge of the Rhine in Basel reached a maximum of
4150 m3 s-1, equal to a discharge of a 100-year event at that time (Scherrer et al., 2006).
Losses of more than 30 million CHF accrued along the river Thur alone (Röthlisberger, 1991;
Fig. 1, top).
On the south side of the Alps, a large number of floods, debris flows and log jamming
led to widespread erosion and devastations of settlements, roads and other infrastructure
(Röthlisberger, 1991). For instance, log jamming on a high-mountain reservoir caused an
instant overflow of 2000 m3 s-1 at the dam (Hauenstein, 2009; Fig. 1, bottom).

Figure 1. (top) Flooding on 7 August 1978 along the Thur river (from VAW, 1978, photo by Comet, Zürich).
(bottom) Log jamming on the Palagnedra reservoir (from “Giornale del Popolo”, see Heitmann and Zanetti, 1978).
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A peak discharge of 4500 m3 s-1 was estimated for the Maggia, a major contributary river
to Lago Maggiore and known to react very rapidly and strongly to heavy precipitation
(Conca, 1979; FOEN, 2017). Luckily, a potentially catastrophic dam breakage could be
prevented. The Lago Maggiore water level was relatively low before the event such that the
increase of 2.11 m from 6 to 9 August 1978 did not cause an extreme flood. Nevertheless, the
total damage in the region accrued to approx. 100 million CHF.
Key meteorological ingredients for such flood-producing heavy precipitation are
conditional instability of atmospheric layers, enabling synoptic-scale ascent of air, meso-scale
forced ascent by a mountain barrier such as the Alps, and sufficiently available moisture in
the atmosphere (Doswell et al., 1996). Important are also the amplitude of the (low-level,
convergent) moisture flux and the advection relative to the topography (Piaget et al., 2011;
Froidevaux et al., 2013).
In the specific case of the 7-8 August 1978 event, the hydrological and meteorological
dynamics of the high-precipitation and subsequent flood event were well documented, e.g., by
Courvoisier et al. (1979). They identified a mid-tropospheric cold-air trough, reaching south
to and consolidating over the Iberian Penninsula prior to the event. Then, its southern (around
45° N) part propagated from longitude 10° W to around 5–8° E, and led to a very strong
meridional air flow over the western Mediterranean on 7 August 1978. A ‘Vb-type lee surface
cyclone’ (cf. van Bebber, 1891) formed south of the Alps. The associated surface cold front
reached the north side of the Alps in the course of the day, while ahead of the cold front, there
was sustained advection of moist and warm air from the Mediterranean Sea towards the south
side of the Alps. As a consequence, the moist-warm, unstable air mass moved over the cold
air in the northern Alps and over western Switzerland. The key components for the heavy
precipitation event were found in the combination of synoptic mid-tropospheric ascent of air
with very high absolute specific humidity, maximum diurnal heating, and southerly advection
of very moist tropical air impinging on the Alpine topography. The quasi-stationarity of the
frontal system over the Alpine divide lasted over several hours, with NE-propagating massive
thunderstorm systems across the Alps (no ‘Staulage’ due to instability over the Alps), leading
to large-scale and heavy precipitation with embedded thunderstorms on both sides of the
Alpine divide. The most intense phase of heavy precipitation occurred from late afternoon to
around midnight on 7 August 1978.
In this article, we aim at reproducing relevant meteorological features of this heavy
precipitation event. For this, we use four atmospheric reanalysis products. In Section 2, we
introduce the used global reanalyses and the local precipitation observations. In Section 3, we
present the analyses of the synoptic-scale meteorological patterns and the local precipitation
distribution. In Section 4, we compare the quality of the reproduced synoptic features among
the reanalysis products and with existent knowledge, e.g., from contemporary meteorological
reports such as Courvoisier et al. (1979). While the meso-scale dynamics cannot be analysed
explicitly, the local precipitation field and further documentary information can be used as a
reference when discussing the results. In Section 5, we provide a short summary and
conclusions.

71

2. Data and Methods
The synoptic analyses in this study are conducted using four atmospheric reanalysis products.
The first and main dataset used is the Twentieth Century Reanalysis Version 2c (20CRv2c;
Compo et al., 2011). It is a global, six-hourly (three-hourly for precipitation), fourdimensional dataset reaching back to 1851. 20CRv2c is based on the assimilation of surface
pressure information from the International Surface Pressure Databank (ISPD) project (Cram
et al., 2015; see Fig. 2 for the spatial distribution of the pressure information and the
orography in 20CRv2c). Monthly sea surface temperature and sea ice concentrations serve as
boundary conditions. The spatial resolution is 2° x 2°, which corresponds to approximately
200 x 200 km over Switzerland, and the dataset contains 31 levels in the vertical axis. The
assimilation has 56 ensemble members; the ensemble mean is used here. The second dataset
is the ERA-20C reanalysis (Poli et al., 2016). It spans the period 1900 to 2010, has a finer
horizontal grid (approximately 125 km), more levels in the vertical (37) and a temporal
resolution of three hours. In addition to surface pressure, also marine wind information is
assimilated. The third reanalysis is CERA-20C (Laloyaux et al., 2016), a coupled climate
reanalyses of the 20th century ranging from 1901-2010. It has a grid spacing of approx. 125
km, 91 levels in the vertical, and a temporal resolution of 3 hours. The assimilation includes
surface pressure and marine wind observations as well as ocean temperature and salinity
profiles. Here, we use the mean of 10 ensemble members. The fourth global dataset used is
the NCEP/NCAR reanalysis (Kalnay et al., 1996). It spans the period from 1948 to the
present, horizontal grid spacing is 2.5° x 2.5°, there are 17 levels in the vertical, and the
temporal resolution is six hours. It assimilates aircraft and satellite information, among others.
An overview of all data sets used in this book is given in the introductory paper (Brönnimann,
2017).

Figure 2. Location of surface pressure information from the ISPD project (filled circles) assimilated in 20CRv2c.
Shown are all locations delivering pressure information between 7 August 1987 6:00 UTC and 12:00 UTC.
Orography (terrain elevation in m a.s.l.) and grid spacing (boxes) in 20CRv2c are shown in colour shade.

72

Stucki et al.: The 1978 Heavy Precipitation and Flood Event in Switzerland
Precipitation measurements at 507 stations come from the Swiss Federal Office of
Meteorology and Climatology MeteoSwiss. The very dense network of precipitation stations
in Switzerland provides very good information to describe the temporal evolution and spatial
distribution of the precipitation at local scales.
Atmospheric dynamics at upper-levels are assessed using geopotential heights and
vertical flow (the omega variable ω) at 500 hPa. Frontal structures (by means of ϴe), and air
flow are analysed at the 850 hPa level, and proneness to thunderstorms using the total totals
index TT = (T850 - T500) + (Td850 - T500) or TT = T850 + Td850 - (2 x T500), where
T850, T500, and T850 are (dew point) air temperature values at the respective hPa levels.
Analysed surface variables are mean sea-level pressure, precipitation rates (calculated as
mm/24 h), and precipitable water (calculated as a mono-level or entire-troposphere variable).
The analyses are done visually by looking at spatial and temporal patterns, and by assessing
the available quantitative information.

3. Results
3.1 Distribution of precipitation
After a first episode of heavy precipitation on 1 August 1978 south of the Alps (with
precipitation amounts of >100 mm/24 h), no to little precipitation was observed in
Switzerland between 2 and 5 August 1978. On 6 August 1978, intense precipitation (up to
approx. 80 mm/24 h) fell in two bands stretching along the northwestern parts of Switzerland
and from the south side of the Alps to southeastern Switzerland. On 7 August 1978, the
precipitation peaked on both sides of the Alps (Fig. 3).

Figure 3. Measured precipitation amounts (mm/24 h) at 507 stations in Switzerland between 7 August 1978 05:40
local time and 8 August 1978 05:40 local time. Crosses mark the largest precipitation amounts north and south of
the Alps. The inset shows precipitation amounts w.r.t. station elevation.
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The measured daily precipitation sums were very heterogeneous in the main center of
activity, located south of the Alps in the Canton of Ticino. Here, amounts of >150 mm/24 h
were observed at many stations, with the largest amount of 318 mm/24 h measured at
Camedo. A second center was located over the northeastern Alps of Switzerland. Intensities
were markedly lower in this region (maximum of 163 mm/24 h at Rempen), and precipitation
intensities were less heterogeneous. Again, precipitation intensities were independent of
elevation. Only scattered showers were observed on 8 August 1978 (not shown).

3.2 Meteorological features in 20CRv2c
The analyses of meteorological features in 20CRv2c focus on the synoptic scale during the
initial and core phase of the heavy precipitation event, i.e., on 7 August 1978 12 and 18 UTC.
In 20CRv2c, the axis of a mid-tropospheric (500 hPa level) trough extends from northern
France to Spain (Fig. 4, upper left panel) on 7 August 1978 12:00 UTC. Downstream,
Switzerland is located in an area of increased vertical flow (ω of -1.1 Pa s-1). Here, the
isotherms cross the isohypses in a more meridional orientation, which points to baroclinicity
and substantial warm air advection from the south.
The associated frontal structures become apparent at the 850 hPa level, with high (low)
values of ϴe to the southeast (northwest) of Switzerland (Fig. 4, middle left panel). The moistwarm air to the south is advected towards the Alps in a very strong air flow, while winds on
the north side of the Alps remain north-westerly. In addition, the Alps are located in an area
with increased values of the total totals index (>45 °C), indicating high likeliness of
thunderstorm activity.
At the surface, a marked low-pressure system has moved from the Balearic Sea south of
Spain towards the Ligurian Sea south of the Alpine bow (Fig. 4, lower left panel; see also Fig.
5). On its northern flank, air with high precipitable water approaches the Alps. The 20CRv2c
data indicate precipitation rates of up to 80 mm/24 h on 7 August 1978 06:00 UTC, and up to
100 mm/24 h over the Swiss Alps on 7 August 1978 12:00 UTC (Fig. 4, bottom panels).
Six hours later, on 7 August 1978 18:00 UTC, the mid-tropospheric trough has slightly
amplified, deepened and propagated to the southeast (Fig. 4, top right panel). This pattern is
often described as a ‘digging trough’ (e.g., Lackmann, 2012; see also Fig. 6, right panel, for
the situation on 8 August 1978 00:00 UTC). The areas of increased mid-tropospheric uplift
and baroclinicity have slightly shifted eastward. Still, the frontal structures at 850 hPa remain
almost stationary over the Alps with only a slight shift of high ϴe values and backing wind
towards the southeast, and a persistently high total totals index (Fig. 4, middle right panel).
The surface low has also deepened and reaches more into the eastern Alps over Austria, the
same as the area of most intense precipitation (Fig. 4, lower right panel).

4. Discussion
4.1 Surface variables in four reanalyses products
In this section, surface (or mono-level) variables in 20CRv2c are compared to NCEP/NCAR,
ERA-20C and CERA-20C data. Concretely, the situation on 7 August 1978 12:00 UTC is
analysed using plots of mean sea-level pressure, 10-m wind and precipitable water; the latter
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is preferred over precipitation rates due to uncertainty regarding the covered timeframes.
Overall, the patterns are largely similar among the reanalyses. All reanalyses feature the
Azores High (e.g., the 1026 hPa isobar) at very similar locations, and all of them show a large

Figure 4. Geopotential height (countours; gpm), omega ω (shade; Pa s-1) and air temperature at the 500 hPa level
(blue dashed line; °C; top panels); ϴe (shade; °C), total totals index (°C, black solid line), and wind (vectors) at the
850 hPa level (middle panels); mean sea-level pressure (hPa) and 3-hourly precipitation rate (shade; mm/24 h;
bottom panels) for 7 August 1978 12:00 UTC (left panels) and 18:00 UTC (right panels, from 20CRv2c).
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Figure 5. Surface analyses for 7 August 1978 12:00 UTC from 20CRv2c (top left panel), NCEP/NCAR (top right
panel), ERA-20C (bottom left panel), and CERA-20C (bottom right panel). Shown are precipitable water (top
panels) and total cloud water (bottom panels; shade in kg m-2 s-1), mean sea-level pressure (contours) and wind at
10 m (at the 0.995 sigma level for NCEP/NCAR; vectors; every second vector is shown for ERA-20C and CERA20C).

pressure gradient across southern France, an adjacent, marked low-pressure system over the
Ligurian Sea, and increasing pressure over the eastern Mediterranean. Patches of increased
precipitable water are found in the area of the Ligurian surface low and stretching towards
Eastern Europe while following the Alpine bow. The central Alps are located between
northwesterly flow farther north and southeasterly flow farther south.
Differences of 20CRv2c with respect to the other three reanalyses products can be found
when looking at more details. For instance, 20CRv2c shows a larger area and higher amounts
of precipitable water over the southern part of the Alpine bow (up to approx. 40 kg m-2 s-1
versus approx. 35 kg m-2 s-1 in NCEP/NCAR, ERA-20C and CERA-20C). The Ligurian low
is a little less deep in 20CRv2c (<1006 hPa in the core area versus <1004 hPa in
NCEP/NCAR, ERA-20C and CERA-20C). Over Switzerland, the ERA-20C and CERA-20C
reanalyses show an area of calm winds which is missing in 20CRv2c and NCEP/NCAR. This
is due to the coarser horizontal grid spacing of the latter two. Overall, 20CRv2c is able to
reproduce the large-scale features very well, with slight compromises in intensities and spatial
delineation compared to the finer resolved reanalyses. The differences in precipitable water
are harder to assess as they might also stem from differing calculations, e.g., between
20CRv2c and NCEP/NCAR on one side and the two other products on the other side. From
visual analyses, CERA-20C appears to produce somewhat finer spatial structures in the
meteorological features than ERA-20C, although differences are overall small.
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4.2. Upper-air variables in 20CRv2c and an operational weather map
A comparison of upper-air (500 hPa level) variables in 20CRv2c with a manual analysis from
MeteoSwiss (see also Courvoisier et al., 1979) for 8 August 1978 00:00 UTC (Fig. 6) shows a
good spatial agreement of the troughs and ridges, and the temperature distribution: The
digging of the trough has further increased at this point in time.
In detail, the 560 gpdm isohypse over Great Britain, France and Germany has a similar
shape as the one on the weather maps by Courvoisier et al. (1979). This can be expected,
since 20CRv2c is based on (surface) pressure information. Differences appear in the 560
gpdm isohypse reaching further south and the missing 552 gpdm isohypse in 20CRv2c. These
effects could stem from either assimilation deficiencies in 20CRv2c or from uncertainties
regarding the upper-air soundings or the (manual) interpolation of station information in the
weather map.

4.3 Precipitation (dynamics) over the Alps in 20CRv2c
As shown in Figure 3, precipitation amounts on 7 August 1978 differed massively across
Switzerland, with extreme values of >300 mm/24 h (>200 mm/24 h) on the south (north) side
of the Alps. For comparison, Aebischer (1997) reports a precipitation rate for Zurich of 89
mm/11 h. In 20CRv2c, precipitation rates over the Alps are far lower: Based on 3-hourly
precipitation rates, Figure 4 (lower panels) shows extrapolated amounts of 110 mm/24 h along
the Alps.
The strong underestimation of precipitation rates is a known deficiency of global
reanalyses products (cf. Stucki et al., 2013, for a heavy precipitation event on the south side of
the Alps in 1993), where the concave topography of the Alpine bow cannot be resolved.
Hence, orographical flow modulations, convergence and lifting of moist air in the concave
topography are missed. Instead, rather a deflection of the flow around the smooth 20CRv2c
orography is produced in 20CRv2c. This effect may explain why 20CRv2c shows most
intense lifting and precipitation values on 7 August 1978 at 12:00 UTC compared to around
18:00 UTC in the reports (e.g., Courvoisier et al., 1979).

Figure 6. Geopotential height (contours; gpdm), air temperature and wind (vectors, knots) at 500 hPa for 8 August
1978 00:00 UTC, from MeteoSwiss (see also Courvoisier et al. 1979; left panel). Right panel as in Figure 4, but for
8 August 1978 00:00 UTC.
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In contrast, 20CRv2c is well capable of depicting important synoptic ingredients for the
heavy precipitation in southern and north-eastern Switzerland, i.e., in terms of upper-air
circulation and lifting, lower-level advection of moisture and stationarity of the surface front.
An upper-level ingredient is the ‘digging’ nature of the trough (Lackmann, 2012), which
is related to a marked synoptic-scale lifting downwind of the trough axis. Courvoisier et al.
(1979) stated that the observed precipitation intensity was only possible with very strong
synoptic-scale uplift over Switzerland - 20CRv2c shows the corresponding dynamics.
The presence of deep convection is also indicated by the absence of an elevation gradient
in the observed precipitation distribution over Switzerland (Fig. 3), i.e., heavy precipitation
was observed at all elevations. Reports of radar signals in Courvoisier et al. (1979) give
evidence of increasing thunderstorm activity first in a south-west, north-east band over the
Alpine divide, then reaching far into north-eastern Switzerland. The inefficacy of the Alpine
barrier in shielding precipitation (no ‘Suedstaulage’) and the presence of embedded
thunderstorms is supported in 20CRv2c by instability and severe-weather measures such as
the total totals index.
The track of the surface low around the Alpine bow is similar to the ‘Vb-type’ described
in Courvoisier et al. (1979). Vb cyclones are known to induce heavy precipitation over (the
northern side of) the Alps (e.g., Messmer et al., 2015). In addition, the slow propagation of
the surface low towards the eastern Alps resembles the quasi-stationary front over the Alps
(‘STF’ type in Stucki et al., 2012) and the NE4 Type ‘Amplified trough over the European
West Coast’ in Giannakaki and Martius (2015), which is conducive to heavy precipitation on
both sides of the Alps.
Although the meso-scale dynamics are not shown explicitly in 20CRv2c, wind directions
and moisture values in 20CRv2c are supportive to the findings in Courvoisier et al. (1979); in
particular that (i) warm-moist air from the south was lifted up the concave, steep southern
flanks of the Alps in a confluent and southerly flow, and that (ii) the Alpine valleys north of
the divide filled with colder air, resulting in a persistent upgliding process and condensation
over the Alps.

5. Summary and conclusion
The flood-inducing heavy precipitation event on 7 August 1978 was characterized by a
heterogeneous pattern of precipitation regarding spatial distribution and intensities. It was
produced by a massive upglide process of warm-moist air from the south over the Alps and
northern Alpine valleys filled with cold air, leading to persistent precipitation and embedded
thunderstorms with precipitation amounts reaching up to >300 mm/24 h (>150 mm/24 h)
south (north) of the Alps.
In the 20CRv2c dataset, the synoptic-scale ingredients for the heavy precipitation include
an approaching mid-tropospheric digging trough with marked vertical lifting downstream, i.e.,
over the Alps, and advection of very moist, warm air from the south and cooler air from the
north. The surface analyses show a ‘Vb-type’ lee surface low, propagating slowly on the
south side of the Alps and leading to a quasi-stationary front associated with heavy
precipitation from the afternoon to around midnight on 7 August 1978.
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We find that the synoptic-scale atmospheric features are well represented in 20CRv2c,
although the coarse grid spacing of 2° x 2° does not allow to capture the meso-scale
orographical forcing and modulation of the moisture flow, or the intensity of the local
precipitation, for instance. Overall, the performance of 20CRv2c is almost equal to the
reanalyses products with 1° x 1° grids, with some reservations regarding details like the
intensity of minimum pressure in the lee surface low. Other differences between the analysed
four reanalyses products may stem from differing calculations of the variables. We conclude
that 20CRv2c is a valid option to analyse extreme events in earlier periods for which no other
reanalysis product is available to date.
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Abstract
In the second half of 1953 coffee prices exploded demonstrably due to several cold surges in
the coffee growing areas of southern and south-eastern Brazil during wintertime. The cold
surge of 5 July 1953 has been graded as an extreme frost event with measured minimum
temperature of -0.1°C in São Paolo, but no measurements are available for the coffee growing
region to the south-west. Reanalyses such as version 2c of the “Twentieth Century
Reanalysis” (20CRv2c) provide an opportunity to study extent, evolution and synoptic
conditions of the event. 20CRv2c shows the movement of a cold core anticyclone towards
South America and its deflection and advection of cold air equator-wards. However, cold air
in 20CRv2c does not reach São Paolo, likely due to erroneous surface pressure observations.
Only the reanalysis NCEP/NCAR with assimilated upper-air temperature reaches surface
temperature values that are similarly low as observations.

1. Introduction
Freezing weather in southern and south-eastern Brazil is mainly caused by outbreaks of polar
air during austral winter (May-August) leading to below-average temperatures that may
occasionally extend up to the tropical regions. These so-called “friagems” can severely affect
the harvest of agricultural production of south-eastern Brazil (Marengo, 1997). The cold surge
event of July 1953 produced intense damage in the coffee growing areas of southern and
south-eastern Brazil (Marshall, 1983). As the area used to provide up to 30% of the
international coffee production, the loss in harvest contributed to the rise of global coffee
prizes by 1954 to a local maximum (Fig. 1).
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“Friagems” are not rare, they occur year round with a one to two week-frequency during
winter, but only occasionally cold air reaches as far as southeastern Brazil or the Amazon
region (Sprenger et al., 2013). While summertime incursions enhance convection and rainfall,
wintertime cold air incursions mainly affect temperature und may lead to frost (Garreaud,
2000). For the period 1950 to 2000, six extreme cold surges with frost occurrence (T < 0 °C)
and 15 strong cold surges with frost occurrence (0 °C ≤ T ≤ 2.5 °C) have been registered in
São Paolo (Pezza and Ambrizzi, 2005).
Cold surges have a characteristic synoptic-scale pattern influenced by the channelling
effect of the Andes and the extension of sea ice cover during austral winter. At middle and
upper levels a mid-latitude wave with a ridge to the west of the Pacific coast and a trough
extending to the subtropics is present (advecting anticyclonic vorticity to the east of the
Andes). At lower levels a strong anticyclone is present to the west of Chile and a cyclone over
the South Atlantic. The transient cold core high pressure centre moves onto the southern tip of
South America from the Pacific Ocean, intensifies while crossing Argentina two to three days
later and transporting large cold air masses towards the Equator (Pezza and Ambrizzi, 2005).
The cold surge of July 1953 has not been studied in detail, as barely any observational
records are available. We examine the cold surge development using the version 2c of the
“Twentieth Century Reanalysis” (20CRv2c, Compo et al., 2011) and compare it to three other
reanalysis datasets. Section 2 describes these datasets and introduces the methods, Section 3
shows the results of our analysis and in Section 4 we discuss our results. A short conclusion is
drawn in Section 5.

Figure 1. (left) Price of the coffee “Santos 4” in New York from 1913 to early 1954 (from a contemporary
memorandum; World Bank, 1954). (right) Coffee price development from the 1950s to 1970 (from Kohlhepp,
1975). The scale is approximately the same.
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2. Data and Methods
We compare surface temperatures derived from four reanalysis datasets. 20CRv2c provides a
comprehensive global three-dimensional atmospheric dataset spanning a period from 1851 to
2010. It is generated by assimilating surface and sea-level pressure using an Ensemble
Kalman Filter method into the CFS model (Saha et al. 2010), which is driven by monthly seasurface temperatures and sea-ice distributions as boundary conditions (Giese et al., 2016;
Hirahara et al., 2014). For the year 1953, the number of assimilated observations over South
America is very low. Surface pressure data are only available for some locations along the
coast of the continent and from ships north of South America (Fig. 2). Thus, the reanalysis
data mainly arise from the model and adjustments due to assimilation are expected to be
minor. A unique feature of the 20CRv2c is that it allows an estimate of uncertainty by
providing a 56-member ensemble (for details Brönnimann, 2017). The global atmospheric
reanalysis has a six-hourly forecast cycle and a 2° x 2° latitude-longitude spatial resolution.
Further, we compare time series from 20CRv2c to the reanalyses NCEP/NCAR (Kistler
et al., 2001), ERA-20C (Poli et al., 1996) and CERA-20C (Laloyaux et al., 2016, 2017).
ERA-20C is the first ECMWF reanalysis spanning the 20th century from 1900 to 2010. In
contrast to 20CRv2c, ERA-20C is a single member reanalysis that assimilates surface
pressure and surface winds over the ocean using a 4D-VAR assimilation scheme, but no
upper-air and satellite data (Poli et al., 2016). It has a spatial resolution of 125 km and 3hourly output data. CERA-20C is a ten member coupled ocean-atmosphere reanalysis
spanning from 1901 to 2010. In addition to surface pressure and marine wind observations, it
as well assimilates ocean temperature and salinity profiles (Laloyaux et al., 2017). The
NCEP/NCAR reanalysis provides data for the period 1948 to 2017 with a spatial resolution of

Figure 3. Topography and location of assimilated surface pressure data in 20CRv2c for the analysis of 5 July
1953, 6 UTC. Only very few data for the South American continent is available. Most observations come from
ship measurements.
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2.5° degrees. It uses spectral statistical interpolation (a 3D-VAR assimilation scheme) with
radiosonde data, station data, aircraft and satellite retrievals as input data. It is the longest
running reanalysis using radiosonde data and provides data up to date, but its data
assimilation scheme and model are rather antiquated (Kalnay et al., 1996). Further details on
all data sets used in this book are given in the introductory paper (Brönnimann, 2017).
Indicators used in the present article are daily minimum temperature at 2 m altitude (i.e.,
the minimum of 6-hourly analyses over a day), sea-level pressure, geopotential height at 500
hPa and wind speed and direction at 995 hPa (note that the latter is calculated from the
ensemble mean u and v components of the reanalysis). Analyses are made for the period from
2 to 8 July 1953. For 20CRv2c and NCEP/NCAR we also show anomalies based on the
normal period of 1931 to 1960. We denote 5 July 1953 as day 0 following the measurements
in São Paolo (Pezza and Ambrizzi, 2005). For the analyses of 20CRv2c we show the
ensemble mean and spread (i.e., standard deviation), and for CERA-20C ensemble member
statistics are also shown in the comparison among the reanalyses. Particular attention is given
to the location with measurements (São Paolo), the coffee growing area (Londrina) and a grid
point closer to the Andes (example location).
3. Results
3.1. Two-metre temperature anomalies in 20CRv2c
Daily minimum temperature in 20CRv2c show the northward movement of the cold air
incursion up to the western Amazon region in the course of the period from 2 to 9 July (Fig.
3). A slightly negative anomaly is present at day -3 west of São Paolo. This anomaly
amplifies strongly from day -1 to day 0, but strong negative temperature anomalies reach
neither Londrina nor São Paolo. The strongest temperature anomalies occur on day +2 in the
Bolivian lowlands. By day +4 the cold air anomalies have disappeared largely. Temperature
anomalies over the Atlantic east of Argentina are negative throughout day -3 to day 0 and
they start to increase slowly after day 0.
The spread of temperature anomalies is in general higher over land and particularly over
the Andes than over the ocean surface. The spread is highest around the area of strongest cold
anomalies, i.e., the area of the cold air outbreak. At day +2 to day +4 this is well visible,
indicating that the members differ substantially in the representation of the strength and extent
of the cold air outbreak.

3.2. Movement of trough-ridge system in 20CRv2c
The distinctive atmospheric circulation pattern of a cold surge is nicely visible throughout day
-3 until day +4 in the surface pressure, wind and geopotential height field (Fig. 4). A cold core
high-pressure system is located in front of the Chilean coast, extending towards the eastern
coast of the continent on day -3. On day -2 pressure increases above Argentina and a
northward movement starts at day -1. At the same time, we observe a system of lower
pressure in front of the south Brazilian coast. At day -1 and day 0 southern winds prevail
along the Andean mountain chain up to Bolivia. These winds reduce in strength at day +1 and
the cold core high pressure systems moves off the coast along with the trough visible in the
geopotential height.
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Figure 3. Ensemble mean (colour) and spread (contours) of anomalies of air temperature at two metres for the
period from 2 July (day -3) to 9 July (day +4) from 20CRv2c. Anomalies are calculated relative to the 1931 to
1960 period. The three points show São Paolo, Londrina (middle) and a third example location (left).
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Figure 4. Ensemble mean of anomalies of geopotential height at 500hPa (colour), sea-level pressure (contours)
and wind at 995hPa (arrows) for the period from 2 July (day -3) to 9 July (day +4) at 18 UTC for 20CRv2c. The
three points show São Paolo, Londrina (middle) and a third example location (left).
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3.3. Comparison to other reanalyses
As 20CRv2c does not show the expected low temperature values in the area of Londrina,
around 23° S and 51° W, we compare 20CRv2c two-metre temperature to three other
reanalyses (Fig. 5). NCEP/NCAR is the only dataset where temperature values drop close to
what has been measured in Sao Paolo (1.2°C). As this reanalysis assimilates also upper-air
temperatures, this temperature information might be the reason for the values close to
observations (Fig. 5a). A second cold surge has been observed in São Paolo on 11 July. This
weaker cold surge is as well visible in NCEP/NCAR, whereas the spread for this cold surge in
CERA-20C is very high, indicating that some members are able to reproduce the low
temperatures in the temperature field. 20CRv2c shows a slight but lagged decrease in
temperature. At a grid point further to the west all reanalysis show a decrease with ERA-20C
slightly earlier (dashed line).
Together with the abrupt drop in temperatures, a cold surge produces an increase in air
pressure (Fig. 5b). For Londrina, all reanalyses show this increase, whereas 20CRv2 shows a
lagged and weaker increase. The air pressure time series from 20CRv2c for July does not
match the other reanalyses since its variability is much lower. To the west of Londrina, at 60°
W, 20CRv2c coincides again with the other reanalyses. All reanalyses agree very well in their
pressure fields, as to be expected due to assimilated surface pressure observations in all
datasets.
A composite of minimum temperatures from NCEP/NCAR for 5 to 7 July (at 12 UTC)
confirms that 20CRv2c may have difficulties in representing the eastward extent of the cold
air incursion. Minimum temperatures in NCEP/NCAR reach further east and also extend
towards northeast.

Figure 5. Time series of (a) 2-m temperature and (b) sea-level pressure for the four reanalyses (for 20CRv2c and
CERA-20C, ensemble mean and range are given). Solid: 23° S/51° W (Londrina), dashed 23° S/60° W. (c)
Composite from 5-7 July 2017 of NCEP/NCAR minimum temperature anomalies at 12 UTC and locations of São
Paolo, Londrina (middle) and grid point visualized as dashed lines in (a) and (b).
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4. Discussion
The analysed data confirms that the low temperatures measured in São Paolo in July 1953 are
the result of cold air advection from a migratory cold-core anticyclone moving from the South
Pole onto South America and extending along the eastern flanks of the Andes northwards.
According to the temperature fields in 20CRv2c and NCEP/NCAR, the cold surge reaches up
to tropical South America; but the eastward extension differs in these two datasets. The
spread of the 56 members from 20CRv2c is increased around the boundaries of the cold air,
indicating that the members differ in the extent and strength of the cold air outbreak. To study
the spatial extent of the cold surge, it is important to study also the reanalyses ERA-20C and
CERA-20C more thoroughly. Time series help visualizing the differences between the
reanalyses at the location of Londrina. At this location, 20CRv2c does neither depict a
pressure increase nor a temperature drop, even though it is located in an area where pressure
observations are assimilated. The low variability and low increase during the cold surge in the
mean sea-level pressure time series compared to other reanalyses may indicate a model bias.
That seems to be confirmed by the mean sea-level pressure of 20CRv2c that shows a bulb of
higher pressure at day -1 and again an isolated area of higher pressure at day +3.
Nevertheless, the pressure evolution of the extreme event over the major part of the continent
in 20CRv2c resembles the conceptual model for a cold surge evolution over South America
proposed by Pezza and Ambrizzi (2005) with a migratory anticyclone.

5. Conclusions
We studied the cold air incursion of 5 July in Southern Brazil using the 20CRv2c reanalysis
and compared the results to other reanalysis products available for this time period. The
successions of cold air incursions in winter 1953 play a big role in the drop of coffee prices at
the world market at end of 1953. For the most affected region, 20CRv2c does not show a
dramatic reduction in temperature and its pressure evolution does not fully agree with other
reanalyes. We expect this location not to be reliable due to several reasons. Further to the
west, we find in all four reanalyses a sudden drop in temperature and the associated jump in
mean sea-level pressure. The NCEP/NCAR reanalysis is closest to observations, most likely
due to the upper-air temperature observations assimilated in this reanalysis.
The synoptic-scale characteristics of a cold surge are well represented in 20CRv2c with a
cold core high-pressure system moving from the pacific towards the tip of the South
American continent and extending towards the tropics east of the Andes. However, the exact
spatial extent of this cold surge cannot be derived from the 20CRv2c reanalysis.
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Abstract
This paper examines the historically recorded storm of 14 October 1881, the “Great Gale of
October 1881”, over Great Britain. We analyse the storm in the “Twentieth Century
Reanalysis” Version 2c (20CRv2c) and in historical weather charts printed in the Quarterly
Journal of the Royal Meteorological Society. The focus is on the temporal evolution of sealevel pressure over the Atlantic from 9 to 14 October. We find a generally good agreement
between the hand-analysed charts and the ensemble mean of 20CRv2c. The development and
track of several individual depressions during this six-day period is well reproduced in
20CRv2c. However, regionally some differences are found between the two data sources.

1. Introduction
Extreme weather events have severe socioeconomic and ecological consequences. It is
therefore of great importance to foresee and understand such events. This requires both
statistical analyses and individual case studies of many events. However, extreme weather
events are, by definition, rare. The availability of historical climate data is therefore often the
limiting factor. In the last few years, starting with the “Twentieth Century Reanalysis” (20CR,
Compo et al., 2011), new reanalysis data sets have become available. They enable studying
weather events back to the 19th century by quantitative means, despite little observed data
(Brönnimann et al., 2012). Today several such reanalysis data sets are available and allow
studying historical weather events in great detail. In this contribution we analyse a specific
extreme event in a historical reanalysis.
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Our objective is to examine the quality of version 2c of 20CR (termed 20CRv2c
hereafter) for studying extreme weather events. This is necessary particularly for the early
decades of the data set, when the amount of data assimilated was still limited. Assessing the
quality of 20CRv2c is the first step towards further studies, including dynamical downscaling
of events. Previous work based on version 2 of 20CR has shown that storms in Europe are
mostly well depicted, though they often underestimate the magnitude of the events
(Brönnimann et al., 2013).
In this paper we analyse the “Great Gale of October 1881”, a deep depression that formed
over Nova Scotia and hit the English and Scottish East Coast with winds of up to 117 km h-1
(Peggs, 1882). The storm cost many lives, particularly in the village of Eyemouth (Fig. 1) and
caused severe destruction in the affected areas. Forests were levelled to the ground, houses
destroyed or unroofed, stone structures moved, and chimneys blown down (Harding, 1882).
Lamb and Frydendahl (1991) and Symons (1882) studied the event in detail and showed
that the depression over the North Sea that caused the storm was exceptionally strong,
reaching minimum values of 955 hPa. Additional historical weather maps (Peggs, 1882) show
the centre of the storm moving across the Atlantic towards the British Isles, manifesting itself
as a deep depression over north-east England on 14 October 1881. These precise descriptions
enable a graphical comparison of 20CRv2c generated plots with the historical weather maps,
to show differences and consistencies between the two.
Here we examine if the pressure levels over north-east England on 14 October 1881 in
20CRv2c match with the weather maps and descriptions of Lamb and Frydendahl (1991) and
those published in contemporary articles (Symons, 1882; Peggs, 1882; see also Ernst et al.,
2017, and Villiger et al., 2017, in this volume for analyses of other Western European
storms). We further analyse the development over the preceding five days. This paper is
structured as follows. In Section 2 we present the Data and Methods. Results and Discussion
follow in Sections 3 and 4. Final conclusions are drawn in Section 5.

Figure 1. Memorial near Eyemouth, Scotland, showing distraught wives and children of the 129 fishermen who
perished at sea. Many fishermen drowned just outside the harbour, within sight of their families. Photo: Kim
Traynor, 2011.
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2. Data and Methods
The basis of our work is the Version 2c of the “Twentieth Century Reanalysis” (20CRv2c).
This is a global, retrospective three-dimensional analysis of the atmosphere covering the
period since 1851. This reanalysis uses an Ensemble Kalmann Filter data assimilation system
to assimilate surface and sea-level pressure into a weather prediction model which uses
monthly observed sea-surface temperatures and sea ice as boundary conditions (Compo et al.
2011; a description of all data sets used in this book is given in the introductory chapter, see
Brönnimann, 2017). The surface pressure data are from the International Surface Pressure
Databank (Cram et al., 2015). For the case of 14 October 1881, 12 UTC, the assimilated data
are shown in Figure 2. While coverage is relatively poor compared to present, several ships
on the Atlantic Ocean reported measurements. Sea-surface temperatures are from the sparse
input version of the Simple Ocean Data Assimilation (SODAsi, Giese et al., 2016),
complemented with COBE sea-surface temperature data at high latitudes (>60°) (Hirahara et
al., 2014). 20CRv2c is an ensemble product, consisting of 56 members.
We used the ensemble mean of 20CRv2c and extracted sea-level pressure for the period
9-14 October 1881. These data were compared with weather maps published in an article by
Wallace Peggs on the structural damage caused by the “Great Gale” (Peggs, 1882). The maps
show sea-level pressure over England and the North Atlantic for 9-14 October 1881 at 12:00.
A second article produced a sea-level pressure map of England for 14 October 1881 at 09:00
(Symons, 1882). Generally, the maps are of good quality, with arrows and dots showing the
point of observation for each measurement. The time of measurement and the precision of the
measuring instruments, however, are questionable, since the data were collected by vessels at
sea. We coloured the plots manually for better comparison.
For comparison, the isobar spacing for 20CRv2c was chosen such as to match the unit of
the historical publication, which is inches of mercury (inHg), but all values are reported in
hPa. At 0° Celsius 1 inch of mercury equals to 33.86389 hPa.

Figure 2. Topography and location of assimilated surface pressure data in 20CRv2c for the analysis of 14 October
1881, 12 UTC.
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Another source is the already mentioned book “Historic Storms of the North Sea, British
Isles and Northwest Europe” (Lamb and Frydendahl, 1991). It contains a short paragraph
discussing the storm of 14 October 1881 and a detailed surface level pressure map.
Additionally, it provides an opportunity to compare the “Great Gale” with other storms and
information on how storms develop and how they might be predicted.

3. Results
3.1. Sea-level pressure over the Atlantic Ocean from 9 to 14 October 1881
In the following Section 20CRv2c is compared with the maps in Peggs (1882) for 9-14
October, 12 UTC (Fig. 3 and 4). Roman numerals refer to the different storms on the maps.

Figure 3. Sea-level pressure on 9-11 October, 12 UTC in (left) 20CRv2c and (right) Peggs (1882).
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Figure 3 (top) depicts the situation on 9 October. The historical weather map shows a
strong Azores High, ranging from 1022 hPa to 1043 hPa. Northwest of the British Isles, in the
North Sea, a weak low-pressure area (I) with values of 1002 hPa was forming. Over the
western Atlantic, east of Newfoundland in Canada, a storm (II) was brewing. However, its
values are barely distinguishable from the mean sea-level pressure of 1013 hPa. 20CRv2c
shows the strong Azores High reaching 1036 hPa, as well as the Icelandic Low (988 hPa).
One day later, on 10 October, the historical weather map again shows the Azores High,
which had moved eastward towards the European mainland, with a maximum value of 1036
hPa. The depression (I) in the North Sea had moved to the north-east and lay over central
Norway. The storm that had formed over the western Atlantic (II) had nearly fully traversed it
by 10 October and was approaching the British Isles with low values of 990 hPa.

Figure 4. Sea-level pressure on 12-14 October, 12 UTC in (left) 20CRv2c and (right) Peggs (1882).
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Simultaneously, a new storm (III), the future “Great Gale”, was forming south-west of Nova
Scotia. 20CRv2c shows the movement of both the Azores High and the Icelandic Low, with
the latter being further north and less pronounced than on the historical weather map.
On 11 October (Fig. 3, bottom), the Azores High, whilst still similarly strong, had moved
towards the Azores. The depression (II) had settled down over Scotland, with very low
pressure values of 969 hPa on the historical maps. The storm (III) exhibited values of 1010
hPa and was slowly moving away from North America towards Europe.
In 20CRv2c the storm (II) is clearly visible, with the same location and pressure values
as on the historical weather maps. The storm (III) is depicted off the coast of Canada, where,
additionally, a new high-pressure area had formed.
Figure 4 (top) depicts the situation on 12 October. The historical weather maps show an
unchanged Azores High. The depression (II) had moved further towards Norway, with
pressure values still around 990 hPa. The storm (III) had moved in a north-east direction,
across the Atlantic, with a pressure of 1015 hPa.
In 20CRv2c the Azores High is still at the same location as on 11 October, but had joined
the high-pressure area off the Canadian coast. The depression (II) stretched from Iceland over
the British Isles up to Norway, with the centre lying over the Norwegian coast. The storm (III)
had not changed its position.
On 13 October, the Azores High in the historical weather maps has weakened slightly,
with values of 1036 hPa. The storm (II) had moved further north and exhibits pressure values
of 975 hPa. The storm (III) was moving towards the British Isles at high speed and was
amplified by the warm air from the Azores High. Its pressure value was around 996 hPa. A
further depression (IV) was forming over the western Atlantic. The storm (V) was moving
over the east coast of Canada in a north-eastern direction.
It is evident from the 20CRv2c data that the Azores High was weakening continuously.
The low-pressure area (III) over the Atlantic had moved towards the north-east and now lay
off the British Isles. It is, however, weaker in 20CRv2c than on the historical weather maps.
The storm (II) off the Norwegian coast had moved further north, but still reaches the eastern
coast of England.
Figure 4 (bottom) shows the situation on 14 October. On the historical weather map a
weakened Azores High is visible. The centre of the storm (III) had reached the British Isles
with extreme values of below 969 hPa. The low-pressure areas (IV & V) can be seen on the
weather maps, but they have not changed much.
In 20CRv2c the weakened Azores High appears. The low-pressure area (III), with
pressure values of about 970 hPa, lay over the British Isles and had connected to the lowpressure area (II). However, the centre of the low-pressure area was further north and not as
pronounced as on the historical weather maps. The low-pressure area (V) had formed off the
Canadian coast.
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3.2. Pressure levels over the British Isles on 14 October 1881
In the following section 20CRv2c is compared to the historical weather map of the British
Isles on the day of the storm, 14 October 1881 at 09:00, from Symons (1882) as well as with a
map from Lamb and Frydendahl (1991).
On the historical weather map (Fig. 5, right) the isobars display a typical North-South
Gradient. Extremely low pressure values appear over the British Isles with 958 hPa over
Berwickshire. Over Northern England and Scotland an exceptionally strong pressure gradient
is visible.
In 20CRv2c the isobars display a Southwest-Northeast gradient. The pressure gradient is
very strong here as well, however, the lowest values only reach 979 hPa. It is also visible, that
the low-pressure area greatly increased in size from 06:00 to 12:00.

Figure 5. Sea-level pressure on 14 October, 6 and 12 UTC in (left) 20CRv2c and (right) at 9:00 from Symons
(1882).
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Figure 6. Sea-level pressure on 14 October, 12 UTC in (left) 20CRv2c and (right) Lamb and Frydendahl (1991).

On the map of Lamb and Frydendahl (1991) of 14 October at 12:00 (Fig. 6), a strong
depression is discernible, with low values of 960 hPa. The depression lay over Berwickshire
in south-eastern Scotland, causing exceptionally high pressure gradients over the British Isles.
A second, much weaker depression, with low values of 990 hPa, lay between Greenland and
Labrador. The Azores High ranged from the central Atlantic to the Iberian Peninsula and
reached maximum values of 1025 hPa. Another high-pressure area, also reaching values of
1025 hPa, lay west of Iceland.
The 20CRv2c data of 14 October 1881 at 12:00 show that a low-pressure area, with
pressure values of 980 hPa, lay over Norway. A further low-pressure area, with similar
pressure gradients, lay east of Scotland. The Azores-High was west of Portugal, and another
high-pressure area was situated in the centre of the northern Atlantic. A weak low-pressure
area, with pressure values of 1000 hPa, is visible over Newfoundland.

4. Discussion
Through the comparison of the historical sources in the Quarterly Journal of the Royal
Meteorological Society and the maps from Lamb and Frydendahl (1991) with the 20CRv2c
generated maps, statements on the accuracy of 20CRv2c concerning its depiction of the
“Great Gale of October 1881” can be made.
20CRv2c depicts the weather map of the northern Atlantic with a very high accuracy of
both pressure levels and isobars. On 10 October, for example, one can find a very similar
pressure gradient between the Azores High and the Icelandic Low in the historical maps and
20CRv2c. Especially the studied storm (III) and its route over the Atlantic to the British Isles
are very consistent. The storm over Norway is also shown in both maps, but the extent of the
depression of the “Great Gale of October 1881” on 13 and 14 October is not adequately
depicted.
On closer inspection of the meteorological situation over the British Isles, however, some
deviations can be observed. The different direction of the pressure gradients over Great
Britain as well as the presence of a much stronger depression in 20CRv2c raise questions. The
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maps of the Atlantic (Figs. 3 and 4) and of Lamb and Frydendahl (Fig. 6) are, however, of
high consistency. The circumstance that 20CRv2c inadequately depicts the low-pressure
values of the “Great Gale of October 1881” accords with previous research (Brönnimann et
al., 2013).

5. Conclusions
The data from 20CRv2c capture the main features of the “Great Gale of 1881” as depicted
and described by contemporary authors as well as by Lamb and Frydendahl (1991). The
general weather situation is well represented, as is the development over the preceding days.
Secondary low-pressure systems could be identified and matched in the different sources.
However, with increasing resolution, the reanalysis becomes less accurate differences to the
historical weather maps appear. The map for the British Isles show larger deviations, but the
resolution is beyond what can be expected to be captured in a 2° x 2° reanalysis.
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Abstract
In February 1956, a severe cold wave occurred in Western Europe that led to exceptionally
low temperatures and to one of the lowest monthly temperature averages in Western and
Southern Europe on record. In this study, we analyze the meteorological situation that was
leading to this cold wave using the Twentieth Century Reanalysis (20CRv2c) and an
experimental reanalysis, called ERA-PreSAT. Pressure, temperature and geopotential height
from 20CRv2c and ERA-PreSAT are used to examine the synoptic situation during the cold
wave. Additionally, the performance of the reanalysis data is assessed by comparing it to
temperature measurements from station data and historical weather charts from the Monthly
Weather Review. We find that the cold wave was connected to a long-lasting blocking event
over Europe, which continuously advected cold polar air to Western Europe. We conclude
that the reanalysis is able to reproduce the large-scale characteristics of the cold wave in
February 1956.

1. Introduction
In February 1956, a severe cold wave occurred in Western Europe. Andrews (1956) described
this cold wave as the worst of the century, and according to Pfister (1999), February 1956 is
remembered as one of the coldest months on record. Eastern France, Southern Germany,
Switzerland, and Austria were particularly strongly affected. The low temperatures let lakes
and rivers freeze and caused plant damages and fatalities. Between 13 and 29 February,
shipping on the Rhine river was stopped as the Rhone-Rhine Canal and the Rhine river in the
lower and middle Rhine region were frozen (see Fig. 1). Ports in the Basel region were
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blocked by a thick ice cover (Canton of Basel-Landschaft, 1956). Mean temperature
anomalies were clearly below normal over all of Europe, with greatest anomalies measured in
Zurich (monthly mean -4.4°C below normal) and extremely low temperatures measured near
the Swiss-Italian border (minima down to -42.7 °C) and in northern Sweden (-40°C)
(Andrews, 1956).
The aim of this study is to analyze this cold wave using version 2c of the “Twentieth
Century Reanalysis” (20CRv2c, Compo et al., 2011) and an experimental reanalysis, called
ERA-PreSAT (Hersbach et al., 2017). According to Andrews (1956), the event is closely
related to a pronounced and persistent blocking in the North Atlantic and Eurasia, which led
to an extreme abnormality in the hemispheric circulation pattern.
To our knowledge, the 1956 cold wave event has not been studied extensively. Hirschi
and Sinha (2007) analyzed winter temperature anomalies for six cold winters between 1948
and 2006 including the winter in 1956 using the NCEP/NCAR reanalysis dataset. However,
they mainly analyzed the whole winter season 1956 and focus on its monthly temperature
anomalies in western Russia only.
In this study, we use pressure, temperature and geopotential height from 20CRv2c and
ERA-PreSAT to analyze the synoptic evolution that led to the cold wave. Additionally, we
compare our reanalysis data with historical weather charts and temperature measurements
from station data to investigate how well 20CRv2c and ERA-PreSAT are able to reconstruct
the cold wave event in February 1956.
The paper is organized as follows. In Section 2, 20CRv2c, ERA-PreSAT, and the
historical observations are introduced. In Section 3, we present the meteorological situation as
depicted in 20CRv2c and ERA-PreSAT, followed by a comparison of the reanalysis data to
historical weather charts and station measurements. In Section 5, we discuss the results.
Conclusions are drawn in Section 6.

Figure 1. Frozen Rhine river in Mainz with a view on the Theodor-Heuss bridge in February 1956 (Photo
courtesy: Federal Waterways Engineering and Research Institute BAW).
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2. Data and Methods
The Twentieth Century Reanalysis version 2c (20CRv2c) and ERA-PreSAT reanalysis data
are used in this study. 20CRv2c is the latest version of 20CR, which is a global threedimensional atmospheric dataset covering the period from 1871 to 2010 (Compo et al., 2011).
20CRv2c was released in 2015 and reaches back to 1851. It is based on surface and sea-level
pressure from the International Surface Pressure Database (ISPD) version 3.2.9 (Cram et al.,
2015), which were assimilated into the NCEP/CFS forecasting model using a variant of the
Ensemble Kalman Filter (Saha et al., 2010), forced by sea-surface temperature and sea ice
from the Simple Ocean Data Assimilation with sparse input (SODAsi, Giese et al., 2016) and
COBE sea-surface temperatures (Hirahara et al., 2014). 20CRv2c has a 6-hourly temporal
resolution, a spatial resolution of 2° by 2°, and consists of 56 ensemble members. For more
detailed information on this and other reanalyses used in this book see Brönnimann (2017). In
this study, we will investigate the ensemble mean only as the ensemble spread of temperature
and geopotential height is small due to the dense network of observation data that was
assimilated in the time-period of the cold wave (see Fig. 2).
While 20CRv2 only assimilates observations of surface and sea-level pressure, ERAPreSAT additionally uses marine winds and upper-air observations from the CHUAN
historical dataset (Stickler et al., 2010) that are supplemented by data from the upper-air
archives at the National Center for Atmospheric Research (NCAR) (Hersbach et al., 2017).
ERA-PreSAT covers the years 1939-1967. It has a spatial resolution of 1° by 1° and a sixhourly temporal resolution.
To investigate the synoptic development, we use geopotential height at 500 hPa and
temperature at 850 hPa from the two reanalyses 20CRv2c and ERA-PreSAT. Geopotential
height anomalies at 200 hPa are used to identify atmospheric blockings during the cold wave
event. For 20CRv2c data, the blocking index RO200 proposed by Rohrer (2017) is used.

Figure 2. Topography of the 20CRv2c dataset. White dots show all observations assimilated into 20CRv2c for 1
February 1956, 12 UTC.
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We use a slightly different definition of a block than Andrews (1956), who defines blocking
as a closed high-pressure isobar in the 5-day running mean of the 700 hPa geopotential height
that is located north of 45°N. In our study, we define blockings as persistent positive
anomalies of geopotential height at 200 hPa, following the methodology of Rohrer (2017). To
be considered a block, the anomalies need to persist for at least 5 days with a spatial overlap
of at least 70% of the area between two time steps.
Temperature at 850 hPa is compared to a historical weather chart from Andrews (1956).
Moreover, 2-m air temperature from 20CRv2c and ERA-PreSAT are compared with daily
temperature measurements from the stations in Basel (Switzerland) and Marseille (France),
obtained from the European Climate Assessment & Dataset project (ECA&D, Klein Tank et
al. 2002).

3. Results
3.1. Synoptic overview
In the following, we analyze the blocking situation in February 1956 using geopotential
height from 20CRv2c and ERA-PreSAT. The blocking density in February 1956 is derived
from 20CRv2c (Fig. 3). It shows two maxima, one is high in the North Atlantic and one over
Northern Russia. The values of up to 70% show that in more than two thirds of the time a
block was present over Northern Russia. This very high blocking density indicates a highly
persistent blocking situation during most of the month.

Figure 3. Blocking density [%] in February 1956, as detected by the RO200 blocking index in the 20CRv2c
dataset.

104

Dizerens et al.: The 1956 Cold Wave in Western Europe

Figure 4. Geopotential height at 500 hPa (shaded colors) and sea-level pressure in hPa (contours) from 20CRv2c
(left) and ERA-PreSAT (right) for 6, 12, 18, and 24 February 1956. The location of the detected blockings is
shown for 20CR as orange contours. For 20CRv2c, the ensemble mean is shown.
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Figure 5. Temperature at 850 hPa in degrees Celsius (shaded colors) and sea-level pressure in hPa (contours) from
20CRv2c (left) and ERA-PreSAT (right) for 6, 12, 18, and 24 February 1956. For 20CRv2c, the ensemble mean is
shown.
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We analyze the synoptic situation for 6, 12, 18, and 24 February 1956 at 12 UTC using
geopotential height at 500 hPa and sea-level pressure for 20CRv2c and ERA-PreSAT (Fig. 4).
The location of the blockings is depicted in orange contours and is calculated for 20CRv2c
only. Between 1 and 23 February, two strong mid-tropospheric ridges can be observed over
the North Atlantic and Russia. In between the two systems, a cut-off low was located over
eastern Europe. Both of the two mid-tropospheric high pressure systems were associated with
an upper-level blocking. This double-block was more or less persistent from 1 to 23 February
1956. The cut off-low was reattached a few days later and formed a meridionally elongated
weak trough over central Europe. This trough was locked in between the two blocking
systems and therefore also remained stationary. At the eastern flank of the ridges, the constant
advection of cold polar air towards the south caused this very long-lasting and intense cold
wave.
Temperature at 850 hPa for 20CRv2c and ERA-PreSAT is shown in Figure 5. Both
reanalysis datasets are able to roughly approximate reported temperature minima. The strong
high pressure system over the North Atlantic led to cold air masses that are moved over
Western Europe, while warm air was advected northwards west of the North Atlantic
blocking. After 24 February, temperatures slowly increased in Western Europe.

3.2. Comparison of historical temperature data with 20CRv2c and ERA-PreSAT reanalyses
We compare the monthly mean surface temperature anomaly from the Monthly Weather
Review (Andrews, 1956) with the ensemble mean of monthly mean 2-metre air temperature
anomaly calculated for 20CRv2c (Fig. 6). The reconstructions from 20CRv2c show a similar
pattern of temperature anomaly than the temperature anomaly of the Monthly Weather
Review. However, the centre of the low temperature anomaly is located over central France in
20CRv2c, whereas the centre of low temperature anomaly from the Monthly Weather Review
lies over Switzerland and Southern Germany.

Figure 6. (left) Monthly mean surface temperature anomaly from the Monthly Weather Review (Andrews, 1956) in
degrees Fahrenheit (contours) and (right) ensemble mean of monthly mean 2-metre air temperature anomaly from
20CRv2c in degrees Fahrenheit (contours) and degrees Celsius (shading). The 20CRv2c anomaly is calculated
relative to the 1931 to 1960 climatology, whereas the temperature anomaly from the Monthly Weather Review is
based on a 30-year average (1901-1930) of available station data (solid dots).
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Figure 7. Time series of 2-m temperature at the locations of (top) Basel and (bottom) Marseille for 20CRv2c
(green) and ERA-PreSAT (blue) in comparison with observations in the ECA&D data set (red).

In the following, we examine the time series of the two grid boxes that include the
measurement station in Basel (CH) and Marseille (FR) in the 20CRv2c and ERA-PreSAT
reanalyses. The time series of 2-metre daily mean temperature in February for 20CRv2c and
ERA-PreSAT are compared to temperature data from the measurement station in Basel (Fig.
7, top). Both reanalyses are able to reproduce the main temperature development in Basel
including the three major temperature drops. During the temperature minima, mean
temperatures in 20CR and ERA-PreSAT are, however, between 2 °C and 7 °C lower than in
the observations. Except for these minima, ERA-PreSAT temperature better matches the
observational data than 20CRv2c, especially between 20 and 27 February, where the
20CRv2c temperature suddenly increases on 20 February and remained 5 to 6 days between
4°C and 8°C higher compared to the station measurements.
The reverse result is observed when comparing the 2-metre temperature of the reanalysis
data to temperature observations from Marseille (Fig. 7, bottom). Temperatures from
20CRv2c and ERA-PreSAT are between 1°C and 12°C warmer than the station data.
Especially during the main temperature drops, the reanalysis data deviate from the
temperature measurements in Marseille. Despite the coarser spatial resolution of 20CRv2c
compared to ERA-PreSAT, 20CRv2c better approximates the observed station temperature
data.
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4. Discussion
The long-lasting blocking situation is well depicted in 20CRv2c and is similar to the blocking
patterns observed by Andrews (1956). Andrews (1956) observed a maximum block intensity
between 15 and 19 February 1956. In addition, he reported that the duration of the blocking
situation is considerably longer than the average duration of 16 days for a winter block. The
same can be observed in 20CRv2c, where the duration of the blocking situation is 23 days
using the blocking index RO200. However, the block intensity in 20CRv2c is rather weak
between 15 and 17 February.
Generally, we find a good agreement between the 20CRv2c and ERA-PreSAT reanalysis
datasets. Both reanalyses show similar patterns in pressure distribution (see Fig. 4). However,
the low pressure system over Europe is stronger in ERA-PreSAT compared to 20CRv2c:
whereas the low pressure system in 20CRv2c attained values of about 515 gdm, the low
pressure system in ERA-PreSAT reaches values of about 500 gdm. In addition, the two midtropospheric ridges are more pronounced in 20CRv2c compared to ERA-PreSAT, especially
during the first half of February. Small differences can be also observed in the temperature
reconstructions, where the advection of cold polar air towards the south generally results in
lower temperature values in 20CRv2c compared to ERA-PreSAT.
The temperature and pressure data from 20CRv2c and ERA-PreSAT show a good
agreement with the historical weather chart and the station measurements in Basel and
Marseille. The monthly mean 2-metre air temperature anomaly from 20CRv2c agrees well
with the mean temperature anomaly of the Monthly Weather Review map. Despite the more
western location of the minimum temperature anomaly, the 20CRv2c anomaly shows the
same large-scale pattern as the Monthly Weather Review temperature anomaly.
Two-metre daily mean temperature from 20CRv2c and ERA-PreSAT provides a good
approximation of the daily temperature measurements from the measurement station in Basel
and Marseille. Despite the coarse resolution of the reanalyses, temperature drops are well
depicted in 20CRv2c and ERA-PreSAT. This can be attributed to the dense observation
network assimilated in the reanalyses. However, the comparisons for the two stations reveals
differences: whereas reanalysis temperature in Basel are generally too low compared to
observations – especially for strong temperature drops – reanalysis temperature in Marseille
are higher than the temperature observations and the temperature drops are less well
pronounced in the reanalysis data. A reason for this could be that most of the selected grid
point for Marseille lies over the sea and therefore, fast temperature changes are not well
depicted in the reanalysis data of this grid cell.
The comparison between 20CRv2c and ERA-PreSAT shows only slight differences, with
no clear winner. The surface information in 1956 seems to be dense enough to allow a good
representation of the general atmospheric conditions. Conversely, upper-air information does
not improve the situation with respect to local minimum temperatures.

5. Conclusions
We have shown that 20CRv2v and ERA-PreSAT are able to reproduce the large-scale
characteristics of the cold wave in February 1956 and that the development of the blocking
phenomena is well depicted in both reanalyses. Observed blocking patterns are comparable to
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the findings shown by Andrews (1956) and show a long-lasting blocking event over Europe,
which continuously advected cold polar air to Western Europe. We have found a good
agreement between the 20CRv2c and ERA-PreSAT reanalysis datasets. Despite the coarse
resolution of the reanalyses, regional temperature changes are well depicted and agree well
with historical weather charts and station measurements.
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The Iberian Storm of 1941 in the Twentieth Century Reanalysis

Tamara Baumann and Lukas Reichen
Oeschger Centre for Climate Change Research and Institute of Geography, University of
Bern, Switzerland

Abstract
In the night from 15 to 16 February 1941, a disastrous storm hit the Iberian Peninsula and
caused devastation across the peninsula. Historical reports and sparse observational data show
the exceptional strength and impact of the storm. No comparable event has been recorded
since. Therefore, studying this specific historical storm event is important from a present-day
perspective in order to better understand storm risks in the Iberian Peninsula. The focus of this
paper is to assess whether the Twentieth Century Reanalysis Version 2c (20CRv2c) is able to
reproduce this unique storm. We compare the ensemble mean reanalysis fields with historical
observations with respect to mean sea-level pressure and wind. The comparison shows that
the Iberian Storm of 1941 is well reproduced in 20CRv2c. Mean sea-level pressure is
reproduced better than wind. Discrepancies can be due to measurement errors in the historical
observations as well as inaccuracies in the reanalysis. Our results suggest that 20CRv2c is a
good tool to reproduce and analyse historical storm events.

1. Introduction
Wind storms represent one of the major perils in Europe. Extreme storms are rare, and hence
the past record of events is important for improving our understanding of extreme weather
events. Meteorological station data and weather reports reach back to the middle of the 19th
century. They can help to estimate the occurrence of heavy storms. However, they are not
sufficient in quality and quantity to provide a comprehensive, quantitative depiction of storms
directly from the data. When assimilated in a weather prediction model, however, they are
sufficient to enable detailed meteorological analyses back into the 19th century. The
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“Twentieth Century Reanalysis” Version 2c (20CRv2c, Compo et al., 2011) is one of these
data sets. It reaches back 160 years, thus covering many extreme events. Nevertheless, it
remains to be established for each case whether or not this reanalysis product is suitable for
studying extremes.
This article focuses on the Iberian Storm in February 1941. This windstorm was formed
by a meteorological setup that is unique until today (Freitas and Dias, 2013). The basis was
the strong negative North Atlantic Oscillation (NAO) in the winter of 1940/41 (Viñas Rubio,
2001). A weak North Atlantic Subtropical High and Icelandic Low allowed the westerlies to
dislocate further south and pass over the Mediterranean area instead over Northern Europe
(Viñas Rubio, 2001). Days before the storm, a major Atlantic low with a strong jet stream to
its South was situated to the West of England (Muir-Wood, 2011). This allowed the formation
of a rapidly intensifying daughter storm that was propelled to the East by the jet. Storms and
cold surges occur relatively frequently under such circumstances (see also Ernst et al., 2017,
in this volume). However the path and the intensity of the Iberian Storm were a rare
occurrence this far south as they usually occur over the Northeast Atlantic (Muir-Wood, 2011;
Viñas Rubio, 2001).
On Saturday, 15 February 1941, a cyclone moved from the Azores to the East and
reached the Portuguese coast in the early afternoon (Viñas Rubio, 2001). The cyclone
intensified and passed northern Portugal and Galicia on the night of 15 February. This was
accompanied by strong winds and heavy rainfall all over the Iberian Peninsula. Wind gusts
reached up to 200 km h-1 (Viñas Rubio, 2001). Garnier et al. (2017) report an observed
pressure of 948 hPa and wind speeds of 35 m s-1 on 15 February. Impacts of the windstorm
included floods, high waves and a storm tide. At least 130 people lost their lives. Woods,
coasts, factories and other buildings were destroyed (Muir-Wood, 2001; Cereceda, 1941). The
historic centre of Santander was destroyed by a fire during the storm (Fig. 1).

Figure 1. Devastation in Santander. The ‘Calle Menéndez Núñez’ in Santander after the windstorm in February
1941. Picture courtesy: Colección Samot.
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The 1941 storm has been revisited recently as a study case with respect to impacts of
extreme storms. Garnier et al. (2017) study the storm and its human impacts based on
historical sources. The storm was the first major event after a long storm-less period and
caused massive destruction. Fortunato et al. (2017) focus on waves, storm surge and the
inundation a similar storm could produce today. They used the Weather Research and
Forecasting Model (WRF) to downscale 20CRv2c, then they used a suite of regional and local
wave, tide and surge models. They were able to reproduce the storm, which opens new
perspectives to investigate historical extreme events. However, their study does not assess the
quality of 20CRv2c directly.
In this paper we assess how 20CRv2c reproduces the 1941 Iberian Storm (Compo et al.,
2011). We compare the reanalysis with historical observations of the Iberian Storm of 1941.
The paper is organised as follows. Section 2 describes data and methods, Section 3 shows the
results of our analysis and in Section 4 we discuss our results. A short conclusion is drawn in
Section 5.
2. Data and Methods
In order to get an overview of the intensity and pathway of the storm, several sources have
been used to document the course of the windstorm. Historical weather maps of the German
Reichswetterdienst (Täglicher Wetterbericht) and the US Weather Bureau (Air Ministry,
Meteorological Office, Daily Weather Report. British Section) were taken from the NOAA
Central Library, weather charts form the British Meteorological Office were taken from the
Met Office Digital Library. The maps provide sea-level pressure, wind speed, and rainfall
data of the Iberian Peninsula. In the following we focus on wind speed and direction as well
as mean sea-level pressure. For the direct comparison with the reanalysis, the German
weather maps provide the best coverage, with maps four times a day within one hour
difference to the reanalysis. For the wind speed we use data from the British Meteorological
Office and the American Weather Bureau from the same sources. We use data from the
stations Lisbon, Porto/Vigo, San Sebastian and Gibraltar.

Figure 2. Topography and location of assimilated surface pressure data in 20CRv2c for the analysis of 15
February 1941, 12 UTC.
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The reanalysis data of sea-level pressure and wind are taken from 20CRv2c (Compo et
al., 2011). The reanalysis provides 3 dimensional, 6-hourly data back to 1851 from the
assimilation of surface and sea-level pressure into the CFS model (Saha et al., 2010) using an
Ensemble Kalman Filter method. The model is driven by monthly sea-surface temperatures
and sea ice (Giese et al., 2016; Hirahara et al., 2014) at its boundaries (see Brönnimann, 2017,
for details). Note that 10-m wind speeds were calculated from the ensemble mean vectorial
winds. Hence, they are weaker than the ensemble mean wind speeds by definition.
Figure 2 shows the model topography, land-sea mask, and the data assimilated for the
peak of the storm. The number of assimilated observations is low in some countries, possibly
due to the Second World War (Fig. 2). In particular, the Iberian Peninsula is not well covered,
but there are some ship data from the North Atlantic.

3. Results
3.1. Sea-level pressure from historical maps
Days before the windstorm event, the atmospheric situation was characterized by a
pronounced low-pressure system over the Atlantic Ocean 1000 km to the South of Iceland
(Muir-Wood, 2011). In the historical maps, on the night of 13 February 1941, the cyclone was
located at the coast southwest of England (Fig. 3, bottom left). The pressure at the cyclone
centre was 984 hPa. The cyclone reached up to the southern coast of the Iberian Peninsula
where sea-level pressure reached 1012 hPa. This low-pressure system was stable throughout
the day while moving slightly to the East. In the night the cyclone intensified and further in
the South, a daughter cyclone with 988 hPa in the centre emerged. It was located between the
Azores and the Portuguese coast (Fig. 3, bottom middle). Throughout 15 February, the
cyclone in the South intensified and moved towards the northwest of the Iberian Peninsula
(Fig. 3, bottom right). In the afternoon the centre with 975 hPa reached the coast of Portugal
between Porto and Lisbon. In the early evening the centre of the cyclone was over Galicia and
reached up to the western-centre of the Iberian Peninsula. In the North, the cyclone extended
to Iceland with two more minima to the west of Great Britain. The pressure in those minima
reached around 980 hPa.
On 16 February 1941, 01 UTC, the daughter cyclone was situated over the Atlantic
Ocean in the historical maps, while the more northern cyclone no longer was detectable. Sealevel pressure in the centre of the cyclone was 960 hPa with a strong gradient to the South. In
southern Portugal sea-level pressure reached 1000 hPa (Fig. 4, bottom left). During the day
the cyclone moved in north-easterly direction towards England. At 07 UTC the centre of the
cyclone (with a sea-level pressure of 960 hPa) was near the coast of Brittany and reached the
southern coast of England before 01 UTC on 17 February (Fig. 4, bottom right). At this time
the pressure was 970 hPa.

3.2. Wind in historical weather charts
On 14 February, 00 UTC, the wind blew from a westerly direction with gusts of 21 m s-1 over
Portugal, according to historical weather charts. In Gibraltar, the winds were noticeably
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weaker. At noon the winds flattened in the whole region and reached maximum gusts of 14
m s-1.
In the night to 15 February the wind was about 6 m s-1 and from a southerly direction in
the historical weather charts. In Gibraltar the winds were from the West. At noon the wind
speed increased in the region and reached up to 21 m s-1. The winds at the Portuguese coast
were from South/Southeast whilst in San Sebastian the winds blew from the West. With 8
m s-1 they were weaker than elsewhere. The winds on 16 February blew from western
direction and reached a velocity up to 21 m s-1 throughout the region.
Table 1: Wind direction and wind speed at 10 m for different regions (chosen because of their location and their
availability of data) in observations (US Weather Bureau and British Meteorological Office, from NOAA Central
Library, Air Ministry, Meteorological Office 1941) and 20CRv2c (based on ensemble mean u and v components)
Observations
wind direction

20CRv2c

speed [m

s-1]

wind direction

speed [m s-1]

14 February 1941, 00:00 UTC
Region Lisbon

south-southwest

17-21

southwest

16-20

Region Porto/Vigo

west-southwest

17-21

southwest

16-20

west

3-6

south-southwest

4-8

Region Gibraltar

14 February 1941, 12:30 UTC (historical observations)/12:00 (Reanalysis)
Region Lisbon

west

3-6

west

12-16

Region Porto/Vigo

west

5-14

west

12-16

Region Gibraltar

west

11-14

west-southwest

4-8

Region San Sebastian

west

3-6

southwest

4-8

south

3-6

south

4-8

Region Porto/Vigo

south

3-6

south

8-12

Region Gibraltar

west

2-3

south

0-4

15 February 1941, 00:00 UTC
Region Lisbon

15 February 1941, 12:30 UTC (historical observations)/12:00 (Reanalysis)
Region Lisbon

south

17-21

south

24-28

southeast

11-14

southeast

20-24

Region Gibraltar

west

17-21

southwest

8-12

Region San Sebastian

east

5-8

southeast

8-12

west

17-21

west

16-20

Region Porto/Vigo

-

-

west

20-24

Region Gibraltar

-

-

southwest

4-8

Region Porto/Vigo

16 February 1941, 00:00 UTC
Region Lisbon

16 February 1941, 12:30 UTC (historical observations)/12:00 (Reanalysis)
Region Lisbon

west

17-21

west

8-12

Region Port/Vigo

west

14-21

west

8-12

Region Gibraltar

west

11-14

southwest

4-8

Region San Sebastian

west

17-21

south

4-8
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Figure 3. (top) Mean sea-level pressure in hPa (contour lines) and 500 hPa geopotential height (shaded colours) on
14 February 1941, 00 UTC (left), 15 February 1941, 00 UTC (middle) and 15 February, 12 UTC (right) in the
ensemble mean of 20CRv2c. (bottom) Historical weather maps from the Deutsche Reichswetterdienst (NOAA
Central Library) indicating mean sea-level pressure (contour lines) on 14 February 1941, 01 UTC (left), 15
February 1941, 01 UTC (middle) and 15 February, 01 UTC (right), source: Deutscher Wetterdienst.

Figure 4. (top) Mean sea-level pressure in hPa (contour lines) and 500 hPa geopotential height (shaded colours) on
16 February 1941, 00 UTC (left), 16 February 1941, 12 UTC (middle) and 17 February, 00 UTC (right) in the
ensemble mean of 20CRv2c. (bottom) Historical weather maps from the Deutsche Reichswetterdienst (NOAA
Central Library) indicating mean sea-level pressure (contour lines) on 16 February 1941, 01 UTC (left), 16
February 1941, 13 UTC (middle) and 17 February, 01 UTC (right), source: Deutscher Wetterdienst.
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3.3. Sea-level pressure in the 20CRv2c reanalysis
On 14 February, 00 UTC, the 20CRv2c ensemble mean shows a cyclone based west of the
British Isles. In the centre the pressure was about 975 hPa. A strong pressure gradient was
noticeable to the South (Fig. 3, top left). In the morning the cyclone moved slightly to the
East, then remained stationary until the evening of that day.
On 15 February, 00 UTC, a second cyclone emerged in the South. Its centre was between
the Azores and southern Portugal. In 20CRv2c, the pressure was still around 975 hPa in the
northern centre and 988 hPa in the southern one (Fig. 3, top middle). During the morning the
new cyclone intensified over the Atlantic west to Portugal. At noon the centre of the cyclone
was just in front of the coast of Portugal and the pressure reached 960 hPa. The two cyclones
merged and the new system reached from Portugal to Iceland. The strongest gradient was
towards the South (Fig. 3, top right). In the evening the cyclone was situated over northern
Portugal and Galicia, the pressure was 965 hPa.
On the night of 15 February the cyclone moved northeast, over the Bay of Biscay. The
pressure in 20CRv2c increased slightly and was around 960 hPa at 00 UTC (Fig. 4, top left).
In the morning the cyclone moved in the same direction and passed just to the West of the
Bretagne. At noon the pressure decreased up to 965 hPa (Fig. 4, top middle). In the evening
the centre of the cyclone was situated over south-western England and Wales, stretching to
southern Ireland.
While Figures 3 and 4 show the ensemble mean, we also analysed the ensemble spread.
During the period of the storm, the ensemble spread of sea-level pressure remained below 2
hPa over almost the entire analysis domain except towards the central North Atlantic (not
shown).
3.4. Wind in the 20CRv2c reanalysis
On 14 February 1941, 00 UTC, the wind in 20CRv2c was from the West with a speed of 1620 m s-1. Around noon the winds became weaker, around 12-16 m s-1 (Fig. 5, top left and
middle). On 15 February, 00 UTC, the wind blew from the South. In Portugal wind speeds in
20CRv2c were only 4-8 m s-1 (Fig. 4, top right). Around noon on 15 February strong winds
advanced to the North and were located just off the Portuguese coast. In the South of Portugal
those winds blew with at least 24 m s-1. Further north, the winds were slower and from a
southeasterly direction (Fig. 5, bottom left). Towards the evening the winds reached the inner
parts of the peninsula. Spain was hit by winds of around 27 m s-1 speed. At the coast next to
Porto winds were over 32 m s-1.
On 16 February, 00 UTC the wind speed in 20CRv2c was not as high as the evening
before. At the north-western coast of the Iberian Peninsula the winds blew from the West with
a speed of around 20 m s-1. At noon the winds south of Lisbon were just 8-12 m s-1 and in the
North the wind speed decreased to 8-12 m s-1 (Fig. 5, bottom middle and right).
4. Discussion
In this part the historical observations are compared to the results of the reanalysis. The
former may however be inaccurate due to the instruments used at this time. Furthermore,
there was no consensus about the location of the measurements (Muir-Wood, 2011).
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Figure 5. Ten-metre wind in the ensemble mean of 20CRv2c (note that wind speed, shown on colours, was
calculated from ensemble mean u and v) 12 hourly from 14 February 1941, 00 UTC, to 16 February 1941, 12 UTC
(top left to bottom right).

Concerning the reanalysis, it should be noted that we analysed the ensemble mean and not the
56 individual members. Ten-metre wind speed was calculated from ensemble mean u and v,
which yields lower values than ensemble mean wind speeds.

4.1. Sea-level pressure comparison
On 14 February 1941 the cyclone to the West of England is shown very accurately in the
reanalysis (Fig. 3, left). Pressure and pressure gradients are similar to the observations with
only small deviations up to 5 hPa. The six-hourly data of the reanalysis show the same course
of the cyclone. Small discrepancies are detected in the night to 15 February for the northern
centre of the low pressure system, which is located to the west of Ireland. Mean sea-level
pressure in 20CRv2c is around 5 hPa lower than in the historical observations (Fig. 3,
middle). Other than that, the displacement of the pressure system to the East during the course
of the 15 February is in agreement with observations (Fig. 3, right). At 15 February, 18 UTC
the reanalysis places the centre of the cyclone slightly to the West compared to observations,
but at the same latitude. On 16 February, 00 UTC the reanalysis and the observations agree
well. The reanalysis shows the pressure field as well as the gradients precisely (Fig. 4, left).
During the course of the day. The pressure gradient was weak to the West of the pressure
centre. This gradient is shown more distinctly in the reanalysis data, which at 18 UTC even
indicate a second small pressure centre. This feature is not seen in the historical charts (Fig. 4,
middle).

120

Baumann and Reichen: Iberian Storm of 1941
4.2. Wind comparison
The historical observations and the reanalysis data have a time difference of 30 minutes each
day at noon. On 14 February 1941, 00 UTC, 20CRv2c and the Daily Weather Report show
almost identical wind directions and velocities (Table 1). Only in the region of Gibraltar the
reanalysis shows a difference in the wind direction, which is more southerly in 20CRv2c. The
same applies for noon where the wind in Gibraltar is more southerly and weaker in the
reanalysis. Furthermore, 20CRv2c shows some deviations in the region around Lisbon where
the wind force is stronger compared to observations. Other than that, 20CRv2c depicts the
historical observations accurately.
In the morning of 15 February, the reanalysis depicts the observations very well, with a
slight deviation in Gibraltar and a deviation for the wind speed in the region of Vigo/Porto. At
noon all wind directions are almost identical in 20CRv2c and observations, although wind
speeds are higher in 20CRv2c over the entire Iberian Peninsula. In the region of Porto/Vigo
the difference reaches 10 m s-1. In the region of Gibraltar neither wind speed nor direction
coincide.
In the region of Lisbon on 16 February, 00 UTC, the wind direction in the reanalysis and
the observations are in agreement. The wind speed differs only slightly. There are no
historical observations available for the other regions. At noon the wind direction for Lisbon
and Porto/Vigo agree between 20CRv2c and observations, but the wind speed is lower in the
reanalysis for both regions. In the region of San Sebastian neither wind direction nor velocity
in the reanalysis agree with the data from the U.S. Weather Bureau.

5. Conclusions
The mean sea-level pressure data in 20CRv2c depicts the Iberian Storm from 1941 very well
quantitatively as well as with respect to its temporal development. Particularly, the
comparisons on 14 and 15 February show very high agreement between reanalysis and
historical weather charts. On 16 February some deviations appear, but the cyclone can still be
recognized without difficulty. As 20CRv2c is based on the assimilation of surface observation
of synoptic pressure, this good agreement was expected.
Wind velocity as well as wind direction in 20CRv2c are mostly in agreement with the
historical observations. Especially in the region of Gibraltar there are some discrepancies,
which however do not affect the storm. In summary, the Iberian Storm from 14 to 16
February 1941 is well reproduced in 20CRv2c. The reanalysis is suitable to analyse mean sealevel pressure as well as, to a slightly lesser extent, the wind evolution. One uncertainty in our
comparison is the unknown precision of the measurements back in 1941. Part of the
disagreement is likely also due to a lower quality of the observations as well as the fact that
wind speeds were calculated from the ensemble mean.
The increased interest in the Iberian Storm of 1941 reflects the fact that until recently,
only very few major storms could be studied quantitatively. The fact that 20CRv2c well
represents the important features allows further modelling application such as shown by
Fortunato et al. (2017). Nevertheless, as this book also shows, extreme events must be
assessed individually.
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With respect to the generation of the 1941 Iberian Storm, an interesting link concerns the
possible relation to the strong El Niño during that winter (Brönnimann et al., 2004). The
general setting (negative NAO) in which the storm developed was perhaps facilitated by the
El Niño event. Further studies could address the cyclone track (see Karremann et al., 2016)
and decadal variability in the frequency of occurrence of strong Iberian cyclones.
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The “Great White Storm” of 1913
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Oeschger Centre for Climate Change Research and Institute of Geography, University of
Bern, Switzerland

Abstract
The “Great White Storm” of 1913 was one of the strongest storms to hit the Great Lakes
region, and likely one of the most devastating natural disasters in the whole of the United
States. The intensity of the storm led to many deaths and important economic damage. The
recent development of reanalysis data sets such as version 2c of the “Twentieth Century
Reanalysis” (20CRv2c) and the ECMWF reanalyses ERA-20C and CERA-20C provide
valuable information to analyse extreme events such as the “Great White Storm” of 1913. It
can be used to study the atmospheric mechanisms leading to such intense storms, which might
contribute to better assess similar weather events in the future. The “Great White Storm” of
1913 is well reproduced in 20CRv2c. The reanalysis captures the key ingredient responsible
for the development of the storm. However, it fails to give a good estimate of smaller scale
parameters such as snow depth. Further analyses are required concerning precipitation, as
prolonged snowfall was one of the major problems for people during the storm. Although it
appears that 20CRv2c better captures the storm than ERA-20C, such conclusions depend
critically on the variables studied.

1. Introduction
The Great Lake Region in North America has been subject to many strong snow storms in the
past. Many of them occurred at the beginning of winter when the thermal contrast between the
warm lakes and low air temperatures is pronounced. Evaporation from the lakes can lead to
increased humidity, which in some cases can significantly increase the precipitation in the
Great Lakes basin (Angel and Isard, 1998). One of the most devastating winter cyclones in
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Figure 1. Impact of the “Great White Storm” in Cleveland on 10 November 1913 (Western Reserve Historical
Society, 2016).

the Great Lakes region certainly was the “Great White Storm” that occurred from 7 to 11
November 1913 (see Burkart and Wyss, 2017, in this volume for another snow storm). The
storm led to more than 250 fatalities, approximately 12 sinking ships, and power outages that
lasted for several days (Wagenmaker et al., 2014). The city of Cleveland was particularly
affected by this storm (Fig. 1). In this paper, we analyse the meteorological situation that led
to the disastrous storm event in three historical reanalyses, namely the “Twentieth Century
Reanalysis” version 2c (20CRv2c, Compo et al., 2011) and the European reanalyses ERA20C (Poli et al., 2016) and CERA-20C (Laloyaux et al., 2017).
We analyse different parameters such as sea-level pressure, geopotential height,
temperature, and snow depth to assess the quality of the three reanalyses to reproduce the
“Great White Storm”. For this purpose, the three reanalyses are compared to historical
weather charts. Another focus lies on the question whether the 20CRv2c dataset is able to
represent the role of the lakes as moisture source, which might have influenced the effect of
this particular storm.
The paper is organized as follows. Section 2 describes the data and methods used to
compare the historical data with the data of the reanalysis. The results are presented in Section
3 and discussed in Section 4. Finally, the conclusions are drawn in Section 5.

2. Data and Methods
Currently four historical reanalyses reach back long enough to study the “Great White Storm”
of 1913: 20CRv2, 20CRv2c, ERA-20C and CERS-20C. In our study we compare the latter
three. All three assimilate surface pressure; two also assimilate marine winds (see
Brönnimann, 2017, for a more detailed description of all reanalyses).
20CRv2c was chosen to examine the role of moisture sources. This reanalysis provides
3-dimensional, 6-hourly data with a 2° x 2° latitude-longitude grid and 28 layers vertically
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Figure 2. Topography and location of assimilated surface pressure data in 20CRv2c for the analysis of 10
November 1913, 6 UTC. The Great Lakes are represented by three water grid cells.

over a time frame of 137 years, starting in 1851. It uses the NCEP/CFS model, with the
boundary conditions set by monthly sea-surface temperature and sea-ice extent
measurements. 20CRv2c uses the same model as version 2 (see Compo et al., 2011), with
new sea ice boundary conditions for high latitudes from the COBE-SST2 (Hirahara et al.,
2014), new pentad Simple Ocean Data Assimilation with sparse input (SODAsi.2, Giese et
al., 2015) sea-surface temperature fields and additional observations from ISPD version 3.2.9
(Cram et al., 2015). 20CRv2s is an ensemble product with 56 members. In this paper we
analyse the ensemble mean.
20CRv2c is used to analyse the evolution of the storm on 8, 9, 10 and 11 November at 06
UTC for sea-level pressure, geopotential height, temperature, and snow depth. The 20CRv2c
output is then compared with historical daily weather charts obtained from the NOAA Central
Library. These weather maps are based on observational data from weather stations in the
northeastern part of the United States. Measured parameters include air temperature (degrees
Fahrenheit, °F), air pressure (inches Hg), wind speed (m s-1) and precipitation (mm).
In addition, sea-level pressure, geopotential height and snow depth are compared with
the ERA-20C reanalysis (and with CERA-20C only for snow depth). ERA-20C is a reanalysis
from the European Centre for Medium-Range Weather Forecasts (ECMWF). It covers the
period 1900-2010 and assimilates observations of surface pressure and surface marine winds
only. It has a 125 km horizontal resolution, 91 levels in the vertical, and a 6-hourly temporal
resolution (see Brönnimann, 2017, in this volume for details about the data set). CERA-20C is
available from 1901 to 2010 and assimilates surface pressure and marine wind observations as
well as ocean temperature and salinity profiles. It has also a 125 km horizontal resolution, 91
vertical levels, a 6-hourly temporal resolution. CERA-20C is a 10-member ensemble.
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3. Results
We first describe the “Great White Storm” based on historical weather charts, displayed in
Figure 3, and based on the work of Wagenmaker et al. (2014), who used Version 2 of 20CR
combined with a dynamical downscaling using the WRF model. The “Great White Storm” is
a cyclonic storm that resulted from two converging storm fronts (known as a “November
gale”) hitting the Great Lakes region between 7 and 11 November 1913. The two storm fronts

Figure 3. Daily weather maps (sea-level pressure, temperature, wind) for 7-11 November 1913 from the
Department of Agriculture (NOAA Central Library Data).
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merged into one low-pressure system on 8 November. The depression first brought warm air
across the Great Lakes followed by a cold front with strong winds over Lake Superior. On 8
November, the storm weakened while the associated fronts moved eastward across the Great
Lakes region, enhancing northerly strong winds and descending cold air. At the same time, a
new low-pressure system started to develop along the Gulf Coast region. Between 8 and 9
November, the new storm rapidly intensified and moved quickly towards the North along the
US East Coast. On 9 November, the remaining low-pressure system on the Great Lakes
merged with this new low into one large storm called, the “Great White Storm”. The pressure
dropped dramatically from Sunday night to early Monday, 10 November, reaching a pressure
value of 970 hPa, centred between Lake Ontario and Lake Huron. The system then barely
moved before the evening of 10 November, maintaining its strength and spreading very strong
winds. Heavy precipitation fell in the region during the event and due to very low
temperatures registered (approximately 258 K / –15°C), most of it as snow. In the evening of
10 November, the storm began to weaken and moved to a north to north-easterly direction.
This movement continued on Tuesday, 11 November 1913, ending the event but leaving
behind an arctic air descent (Wagenmaker et al., 2014).
In 20CRv2c we observe a similar evolution with first a trough and a low-pressure system
(probably also resulting from the merging of two lows) over the Great Lakes on 8 November
(Fig. 4). Whilst moving towards the east, a new low-pressure centre developed on the southeast coast and deepened quickly on 9 November leading to the advection of cold with a north
to north-easterly flow over the region. The temperature at 850 hPa dropped from 7 °C over

Figure 4. 20CRv2c 500 hPa geopotential height (gpdm) in colour and sea-level pressure (hPa) in contour on 7-10
November 1913, 06 UTC (from top left to bottom right).
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Figure 5. 20CRv2c 850 hPa temperature (°C) on 7-10 November 1913, 06 UTC (from top left to bottom right).

Figure 6. ERA-20C 500 hPa geopotential height (gpdm) in colour and sea-level pressure (hPa) in contour on 7-10
November 1913, 06 UTC (from top left to bottom right).
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Figure 7. Snow water equivalent (l m-2) for 20CR (left), ERA-20C (centre) and CERA-20C (right) on 11
November 1913, 18 UTC.

the region of Cleveland on 8 November to -12 °C on 11 November (Fig. 5). The low-pressure
system moved northward whilst strengthening on 10 November. It reached its minimum
(~980 hPa) over the Lake Ontario on 10 November in the morning before weakening the next
day over Québec.
The ERA-20C reanalysis shows a similar pattern and evolution of the low-pressure
system as 20CR from 8 to 11 November (Fig. 6). However, the trough on the 500 hPa
geopotential level is stronger in ERA-20C and also slightly located more west compared to
20CRv2c. The pressure low on 10 November is ~5 hPa higher than in 20CRv2c and located
more to the west (over the Lake Erie).
The small differences in the location of the low-pressure system are visible in the snow
cover. 20CRv2c and ERA-20C do not show the same location of maximum snow depth
(expressed in snow water equivalent, l m-2, Fig. 7 left and centre). In 20CRv2c, the maximum
snow depth is located south of the Lake Erie in the region of Cleveland (~20 l m-2), whereas
the maximum snow depth in ERA-20C is situated further west between the Lake Erie and the
Lake Michigan but with values above 30 l m-2. The CERA-20C reanalysis (Fig. 7 right) has a
similar location of the maximum snow depth as 20CRv2c (south of the Lake Erie) but with
lower values (~10 l m-2).
A comparison with historical pressure maps from 1913 (Fig. 7) shows a similar evolution
and location of the storm as found in 20CRv2c: a first low-pressure centre over the Great
Lakes on November 8 and the development of another one further south on the next day.

4. Discussion
The fast development of the low-pressure system associated to the humidity released from the
Great Lakes led the exceptional storm of November 1913 (the storm is often also called the
“White Hurricane”, which is meteorologically wrong, even though wind speeds on 10
November over Lake Huron reached hurricane strength, i.e., ~70 miles per hour;
Wagenmaker et al., 2014). The analysis of 20CRv2c and the comparison with other reanalysis
data set and historical data allows us to assess its quality and ability to reproduce the
atmospheric conditions that led to the “Great White Storm” of 1913.

129

Gassner et al.: The “Great White Storm“ of 1913
Compared with historical charts, 20CRv2c provides a good reconstruction of the storm
with an evolution from 8 to 11 November very similar to historical daily weather charts. A
similar location of the depression at different time steps as well as a similar development is
found. ERA-20C agrees somewhat worse with the historical charts.
Some differences between ERA-20C and 20CRv2c in snow water equivalent are
noteworthy. In ERA-20C, maximum snow depth is located too far west in ERA-20C. The
maximum snow depth found south of Lake Erie in all analyses (most pronounced in ERA20C) suggests a potential influence of the lakes on the intensity of the precipitation (known as
the lake-effect). However, the snow depth seems to be underestimated by 20CRv2c. In
Cleveland, 56 cm of snow were measured, whereas the snow water equivalent in 20CRv2c
suggests a depth of approximately 20 cm (assuming that 1 l m-2 of water is equivalent to 1 cm
of snow). In ERA-20C, the amount of snow is closer to the measured values but the location
does not match the historical data. Although 20CRv2c might capture some of the influence of
the Great Lakes, the 2° degrees resolution is too coarse to capture the real intensity, spread
and quantity of the precipitation. It can provide an idea of the location of precipitation but no
exact values.

5. Conclusions
We have analysed the weather conditions and evolutions of the atmospheric circulation in
20CRv2c that led to the “Great White Storm” of November 1913 in the Great Lakes region.
The combination between an intense, fast developing low-pressure system and relatively
warm lakes brought heavy snow fall over the region. 20CRv2c provides a good reconstruction
of the event. A comparison with historical charts shows a similar evolution of the storm.
However, the intensity of the low-pressure system is slightly underestimated by 20CRv2c and
the resolution of the reanalysis too coarse to provide a good estimation of the snow depth.
Compared with historical charts, 20CRv2c captures the sea-level pressure fields and its
evolution better than ERA-20C.
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