ABSTRACT
CIPULLO, MICHELLE LYNN. High-resolution Modeling Studies of the Changing Risks of
Damage from Extratropical Cyclones. (Under the direction of Walter A. Robinson).
Studies have shown that global climate models can miss some of the mesoscale
features important to cyclone development. These models tend to have grid spacing on the
order of 100s of kms. This study uses a limited area model with 120 km to represent a
climate scale simulation and 20 km spacing for a high-resolution simulation. We expect the
high-resolution simulation to better resolve these features and provide insight into how strong
extratropical cyclones could change in a changing climate. This is important for the insurance
and reinsurance industry where capturing the intensity of a strong system is necessary to
adequately quantify the risk.
Seasonal results are emphasized for the higher-resolution 20km simulation, which
consistently resolved stronger winds not captured in the coarser resolution model run. A case
study of strong extratropical cyclone “Xynthia” is also simulated in current and future
climates. Cyclone Xynthia was weaker and made landfall sooner in the future simulation.
The seasonal results provided enough data to utilize extreme value statistics in the analysis.
The results showed that the top 2% of storms strengthened in the future simulation for areas
in the British Isles and Europe. This is different than what was found in the case study where
the storm got weaker in the future simulation. It appears that in the future seasonal
simulations the most extreme storms are frequently different storms than in the current
simulations.
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1. Introduction
1.1 Motivation
Extratropical cyclones are an integral part of the climate system. These systems are
common in middle latitudes, where they act to transport heat and moisture poleward. This
energy transport works to decrease the equator-to-pole temperature gradient below what
radiative equilibrium would establish. Extratropical cyclones convert available potential
energy to kinetic energy and so reduce the available potential energy and the baroclinicity in
the general vicinity of the storm.

Available potential energy is replenished by diabatic

processes: radiation, surface heating, and latent heat release. The last is of particular
importance in the North Atlantic Basin (Hoskins and Valdes, 1990). Authors refer to these
diabatic effects as creating a “self-maintaining” storm track. The North Atlantic Basin is the
region of interest in this study, so the diabatic effects on extratropical cyclones, particularly
how they affect the strength of cyclones, will be further investigated.
This study focuses on strong extratropical cyclones that generate damaging winds.
These systems are also referred to as “European windstorms,” because they frequently affect
Europe and the British Isles.

These are damaging and dangerous storms. European

windstorms were ranked second after hurricanes in terms of insured losses; from 1990-1998
windstorms generated approximately $1.2 billion USD in losses per year (RPI, 1999). These
losses occurred in Europe and the British Isles, and are most common in the winter. Most
damage results directly from the strong winds generated by these storms, but the winds can
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also cause storm surges and consequent flooding in coastal areas. The cyclone Xynthia1
(2010) caused storm surges that led to a coastal sea wall collapse in northwest France,
leading to flooding in many surrounding areas. A cyclone in 2005, referred to as Gudrun by
the Norwegian Meteorological Institute and Erwin by the Free University of Berlin, caused
the largest storm surge on record for Estonia (Suursaar et. al., 2006). These are just two
examples of windstorms that exceeded $1.5 billion in damage.
Conditions are most favorable for windstorms during winter when temperature
gradients are strongest. With a changing climate, multiple and possibly competing effects
can alter the conditions that lead to strong storms. This study explores how extratropical
windstorms could change in a warming climate.
Global Circulation Model (GCM) simulations carried out for the Intergovernmental
Panel on Climate Change (IPCC) indicate that future near-surface warming will be unequal
over the globe, with the Arctic warming faster than other regions. This Arctic amplification
of climate change implies a weaker temperature gradient at the surface leading to decreased
baroclinicity. In the upper troposphere, the warming is strongest in the tropics, increasing the
baroclinicity up to level where the temperature gradient reverses. An additional effect that
could affect storm development is the expected increase in moisture in the atmosphere.
According to the Clausius-Clapeyron equation, if relative humidity does not change, we
expect a 7% increase in water vapor content for each Celsius degree of warming. The
increased water vapor content in the atmosphere will lead to overall increased precipitation
(Frei et al., 1998; Trenberth, 1999; Allen and Ingram, 2002), implying an increase in latent
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
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heat release that could influence the strength, location and frequency of extratropical
cyclones.
With climate change, the position of the storm track could shift, changing the
frequency of cyclones experienced in different locations. Taking these myriad effects into
account, the frequency of extratropical cyclones generated in the Atlantic basin will likely
change with a changing climate, but the potential for competition among these effects makes
it unclear whether the numbers of storms will increase or decrease. These issues will be
discussed in more detail in section 1.2.
Model resolution is a significant issue when simulating climate. Most GCMs have
grid scales no finer than the order of 1˚, or approximately 100 km. Recent studies suggest
that this resolution is insufficient to capture mesoscale features, such as diabatic effects, that
affect cyclone development (Willison et al., 2013). The present study imposes climatechange conditions in a high-resolution regional model. These simulations should capture the
features likely missed by coarser resolution climate models.
A literature review of studies relevant to this project is provided in the next section.
The following aspects are discussed in detail: storm tracks, diabatic effects, extremes, storm
intensity and storm frequency. The storm frequency is coupled with the frequency of strong
events, as these are the events most relevant to this research.
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1.2 Literature Review
1.2.1 Storm tracks
“Storm tracks” here refers to the typical paths taken by extratropical cyclones. In this
study, the focus is on the North Atlantic storm track during the winter months, when severe
windstorms are most frequent. What drives a storm track is complex; it includes forcing from
topography, sea surface temperatures, and land-sea temperature contrasts (Brayshaw et al.,
2009). During the winter, the meridional temperature gradients and land-sea temperature
contrasts are strongest. Therefore this is the most favorable season for strong extratropical
cyclones. Storm tracks typically coincide with the middle and high-latitude jet streams. The
winter is conducive to such jets being “self-maintaining”. The idea of the self-maintaining
jet is that transient eddies arise from baroclinic instability and help to enhance, or at least
preserve, the baroclinicity of the jet (Robinson, 2006). Hoskins and Valdes (1990) showed
that diabatic effects replenish baroclinicity that is depleted by extratropical cyclones, and so
help to maintain the jet and storm track.
Various objective schemes and feature-tracking methods are used to analyze storm
track activity. Accumulated eddy statistics are often used to understand and examine the
global energy whereas feature-tracking can be used to find a localized point of impact. For
this study, the interest is on risks associated with these systems, so knowing where the
strongest wind or largest vorticity would be beneficial. Different feature-tracking schemes
use different features, such as vorticity, sea-level pressure (SLP) and geopotential height to
identify and track storms. It is usually necessary to filter the raw results from featuretracking, for example by applying thresholds for the distance traveled over a time interval or
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the length of time a disturbance must be present in order to be considered a storm. Raible et
al., (2008) examined several tracking schemes applied to different reanalysis datasets and
compared the results. They found that the results were sensitive to reanalysis data used and
to tracking scheme selected. The differences among reanalysis datasets, such as in the
number of storms, could be attributed to their different spatial and temporal resolutions.
Typically, stronger storms were identified in all schemes across all data sets, whereas the
total number of cyclones determined by a scheme or dataset varied. For the present study, the
Hodges tracking scheme (Hodges, 1994) is used. It tracks maxima in the 850-hPa relative
vorticity. The Hodges tracking scheme was developed for use with various datasets; it detects
a synoptic feature at each time and links these features to form trajectories.
The effects of climate change on the storm track have been explored in multiple
studies that compare the current patterns of storm activity with the projected future patterns
obtained from model simulations. A study by Wang et al., (2006) used reanalysis data to
reveal a northward shift in track activity over the past few decades in the North Atlantic
during January, February and March. A similar trend is found when comparing current and
future storm track activity. A consistent finding is that most model simulations of climate
change show a poleward shift of the storm track (e.g. Bengtsson et al., 2006; Catto et al.,
2011). The change in storm track position leads to significant regional effects, such as a
weakening of Mediterranean storm track activity and strengthening activity north of the
British Isles.
Research cited here, as well as this study, utilize the IPCC Special Report: Emissions
Scenarios (SRES) Assessment Report 4 (AR4). This report was published in 2007, and the
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SRES includes multiple scenarios for human emissions of greenhouse gases: B1, A1T, B2,
A1B, A2 and A1FI. These scenarios vary based on the assumptions made regarding how
energy will be generated, the implementation of policies intended to limit greenhouse-gas
emissions, and other factors such as economic change. Depending on the time frame,
changes in temperature can be more optimistic or pessimistic depending on what emission
scenario is applied (Fig 1.1). The A1 scenarios assume rapid economic growth with
population growth peaking in mid-century, and then declining. In these scenarios, there is
rapid implementation of more efficient technologies. Three sub-branches of the A1 scenario
are A1FI where technology is fossil-fuel intensive, A1T non-fossil-fuel intensive, and A1B
where there is a balance of different energy sources. The A2 scenario assumes a continually
increasing population with economic growth and technology changing at a slower rate than
in the other scenarios. Scenarios B1 and B2 will not be described here as they are rarely used
in current research and are not used in this study. Scenario B1 has the same population
increases to mid-century as A1, but has rapid changes in technology with clean and resourceefficient technologies. B2 has continued population growth, but slower growth than A2. B2
has intermediate economic development with slower changes in technology, but changes that
are more diverse than the A1 and B1 scenarios. Most research utilizes A1B, A2, and B1
scenarios.
Ulbrich et al. (2008) analyzed an ensemble of 23 climate change simulations from 16
coupled general circulation models (CGCMs) that applied the A1B scenario. Their results
show an increase in baroclinic wave activity over the eastern North Atlantic of approximately
5-8% by the end of the 21st century (2081-2100). This suggests there could be an increase in

!

=!

storm track activity that could, in turn, lead to strong cyclones that are associated with
windstorm events.
Storm frequency is an important measure of storm track activity. Most studies show
that global warming leads to a decrease in overall extratropical cyclone frequency during the
winter season, but an increase in the number of strong cyclones (Geng and Sugi 2003;
Leckebusch et al., 2007). This implies that weaker systems will occur less frequently. This is
plausible, since weaker storms are sensitive to the expected decrease in surface baroclinic
instability resulting from weakened temperature gradients. Catto et al. (2011) also found a
decrease in the number of cyclones in a warming climate; however, they found a slight
decrease in the number of intense cyclones. A possible explanation is that although the future
climate is warmer and moister providing more latent heat release that acts to intensify storms,
the competing effect of reduced baroclinicity could be larger and this acts to reduce intensity.
There is still some disagreement among studies on how the number of intense storms will
change. A reason for the different results could be the varying definitions among studies of
what constitutes an “extreme” extratropical cyclone. This will be explored in the intensity
section of the literature review.
1.2.2 Diabatic Effects
Latent heating contributes to the strengthening of extratropical cyclones, yet the
extent of this influence remains an area of active research (e.g. Watterson 2006; Orlanski
2007; Willison et al., 2013). With a warming climate, assuming the relative humidity remains
relatively constant there will be more water vapor in the atmosphere and hence more
moisture available for latent heat release. The expectation that increased water vapor will
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lead to stronger cyclones with climate change is potentially opposed by reductions in lower
tropospheric baroclinicity. This competition among different effects makes it difficult to
discern how much influence each change has on these systems. This section will focus on
studies that look at the scales at which diabatic influences can be resolved, and how the latent
heating is expected to affect these systems in a changing climate.
The diabatic influence is of interest in this study, as diabatic effects contribute to
some damaging windstorms. Fink et al. (2012) examined some of the major windstorms that
have affected Europe and found that the storms Xynthia (2010), Klaus (2009) and Lothar
(1999) all showed a strong contribution from diabatic processes. They concluded that the
diabatic contributions to cyclone deepening in these storms were larger than the contributions
from horizontal temperature advection. Xynthia will be further explored in the present
research because it pulled in an atypically large quantity of moisture (Grumm, 2010). It is
expected that simulations of this storm will be sensitive to the increase in atmospheric
moisture that are anticipated to accompany global warming. Not all windstorms have this
intense contribution from latent heating to their deepening; some are influenced more by
other factors, such as horizontal temperature advection.
With a warming climate, and more moisture available, the effects on intense
precipitation have also been an area of extensive research. Many studies have suggested that
climate change will lead to an increase in precipitation intensity (e.g., Karl and Knight 1998;
Trenberth 1999 and Trenberth et al. 2003; Allen and Ingram 2002; Lackmann 2010). Studies
by Finnis et al. (2007) and Watterson (2006) specifically examined the effects of climate
change in extratropical cyclones; despite the increase in latent heat release with the more
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available moisture and strong precipitation, little change in storm intensity was seen.
Possible reasons cited by the authors are that the precipitation is too far from the cyclone to
contribute to deepening, or perhaps the reduction of baroclinicity could have influenced the
results. Both studies used relatively coarse resolution models that had grid spacing of greater
than 1˚, and it is acknowledged that this could influence the results. Watterson saw that the
baroclinicity was well captured in their model simulation, but did acknowledge that the
model may not be resolving the smaller scale features.
Willison et al., (2013) considered the horizontal resolution problem and found that
diabatic properties of cyclones were very sensitive to resolution. They used a limited area
model with grid spacing of 120 km, which is similar to that of higher-resolution climate
models (1˚ ~ 100 km) and 20 km grid spacing as a high-resolution simulation. Using the PV
framework, they found that the 20 km grid showed enhanced positive feedback between
cyclone intensification and latent heat release compared to the coarser 120 km simulation.
Conversely, Catto et al., (2010) found that a high-resolution climate model (1˚) was
able to catch many of the small-scale features, including the warm conveyer belt, cold
conveyer belt and dry intrusions. This was determined by comparing the model simulations
with the ERA-40 reanalysis data. Bengtsson et al. (2009) examined the effect of resolution
by comparing T213 and T63 models. They found that precipitation showed significant
changes in the higher resolution, while other variables showed less significant changes.
1.2.3 Extreme Value Theory
Extreme Value Theory (EVT) can be useful in the analysis of extreme events and is
often used to predict risk. Extreme value statistics quantify behavior at either unusually high
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or low levels, the tails of the distribution. This method can be used to extrapolate the
probabilities of values beyond what have ever been observed. Since data at the extremes are
relatively sparse compared to the rest of the distribution, uncertainty is implicit in the
application of this method (Coles, 2001). The uncertainty will grow the further out the data
are extrapolated, so this should be kept in mind when determining how far out to model the
data. There are different ways to calculate extreme value statistics, including the block
maxima approach and the peaks over threshold (POT) approach. Block maxima are the
maxima within some time frame, for example the maximum wind each year for a location.
This provides only a few data points in shorter datasets, and so is not used in this study.
Instead, the POT approach is used. The POT approach applies a threshold above which an
event is considered “extreme,” and the values that exceed this threshold are used in the
statistics. This provides a larger dataset with which to model the tail, as more data are
retained than with the block maxima approach.
There are advantages and disadvantages in using EVT on atmospheric data. The
advantages are that only the tail of the distribution is used, allowing focus on the extremes
without influence from the rest of the distribution. One of the disadvantages is the lack of
independence in atmospheric data over space, and in areas with frequent data, over time.
Extreme value theory assumes that values are independent (Coles, 2001). Weather events are
not independent in that neighboring points likely influence values at nearby points, and,
depending on the frequency of the data, values are likely related in time.
Another disadvantage with atmospheric data, which is not a problem only for EVT,
but for any statistical analysis, is the influence of changes in observing practice over time. An
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example of this is the addition of satellite data to reanalyses in the late 1970s and early
1980s. This is a great improvement in observational coverage, but creates an inhomogeneous
dataset where changes in trends could be due to changes in observing techniques and not
necessarily due to changes in the atmosphere. This was discussed in Kunkel et al. (2013) as
an issue that must be addressed for long time series. A long time series is desirable for a
robust sample, but a long time series will include fewer and likely less accurate
measurements in the past than in the present. Fortunately, there are not many changes in
atmospheric measurements contributing to the analyses that support our 10-season simulation
of 2002-2011.
Studies sometimes address the spatial dependence of data, such as Mannshardt et al.
(2010) who used spatial statistics to determine trends in precipitation using rain gauge
measurements from the National Climate Data Center (NCDC). They used a family of
regression relationships that take into account spatial information, which included spatial
variability and changes in seasonality. This method is challenging and beyond the scope of
the present work. We do, however, determine statistics at each model grid point and only
during the winter season, which minimizes, but does not eliminate, issues of spatial
dependence. Temporal dependence will be discussed further in the methods section.
The following section in the literature review cites some papers that use extreme
value theory for their results. This serves as a general background for the theory as well as
the pros and cons of this method.
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1.2.4 Extreme Winds
As discussed above, most studies agree that storm tracks will shift poleward with
global warming. There is, however, less agreement about how extreme winds will change.
The following is a discussion of studies that look at climate change and extreme winds in the
cold season in middle latitudes. A complication when comparing studies is that the term
“extreme” is somewhat arbitrary and does not always mean the same thing among studies.
Some studies use a numerical threshold to determine extreme winds while others choose a
top percentage threshold, such as the top percentage of wind speed at a given location. Also,
studies are performed using different models with various parameterizations and different
resolutions. Many studies that use EVT to analyze results do not specify whether or not they
decluster the data. This could affect the conclusions, since EVT assumes independence
among extreme events (Coles, 2001). Without declustering, the tail of the distribution could
be erroneously weighted, as weather events are not necessarily independent of one another.
Although the results are sensitive to these differences in models, methods of analysis, and
experimental design, they provide overall insight into the issue of whether or how extreme
wind events will change with a changing climate.
Catto et al. (2011) used a compositing technique to look at the top 100 extreme
storms in a control simulation and a future simulation using the high-resolution GCM,
HiGEM with a grid spacing of 0.83˚ latitude x 1.25˚ longitude. The authors simulated climate
with doubled and quadrupled CO2. They found a slight decrease in extreme cyclones in the
Northern Hemisphere with increasing CO2 levels, which contradicts many other studies, that
found extreme cyclones will intensify and become more frequent in future climates. The
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authors argue that while increased latent heat release intensifies cyclones, the reduction in
baroclinicity from the weakened meridional temperature gradient reduces their intensity. In
their simulations, they believe the decrease in baroclinicity outweighed the increase in latent
heat release, causing a resultant decrease in extreme cyclones.
Bengtsson et al. (2009) did not find significant changes in extreme winds or vorticity
in climate change simulations using the A1B scenario applied to the ECHAM5 GCM. When
comparing a relatively high-resolution simulation, T213 (60km), with a lower resolution
simulation, T63 (210km) they found that the lower resolution (T63) model was able to
capture the cyclones, but failed to capture the extreme winds found in the higher-resolution
simulation.
Champion et al. (2011) performed a similar study using the ECHAM5 model, but
with even higher resolutions. They compared a T213 (60km) and a T319 (40km) simulation
and examined winds, vorticity and precipitation. An extreme wind is identified in this paper
as an 850 hPa wind speed exceeding 45 m/s. They found that cyclone properties were very
sensitive to resolution. The effects of climate change were also resolution dependent, but less
so than the cyclone features. During the months of December through May, climate change
produced a small decrease in the number of systems, and little, if any change in the extreme
winds. The precipitation increased in the higher-resolution model, suggesting that higherresolution models will be needed to capture changes in precipitation.
Leckebusch et al. (2006) simulated the months of October through March in current
and future climates. A multi-model downscaling approach was used that included an
ensemble of chains of GCMs driving RCMs using the A2 scenario. The regional climate
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models included the HIRHAM4, CHRM and the RCAO. The two GCMs used to provide
boundary conditions were HadAM3H and the ECHAM4. Considering the extreme thresholds
of the strongest winds (90, 95 and 99 percentiles) showed that the strong winds increased in
the climate change simulation, with the strongest winds exhibiting the greatest increases.
An additional factor that could influence the results of these studies is the geographic
area of analysis. Some studies look at regional effects while others consider overall changes
in the North Atlantic. Pinto et al.,(2007) analyzed regional results obtained using the
ECHAM5/MPI-OM1 simulations of current climate conditions, with three IPCC AR4 SRES
scenarios (A1B, A2, B2) for October through March. The largest decrease in extreme
cyclone frequency occurred over the Mediterranean Basin, consistent with a northward
displacement of the storm track, and this was found for all three scenarios. They found
increases in the strength of surface winds over Great Britain, the North Sea and the Baltic
Sea.
In a similar study, Della-Marta et al. (2009) applied extreme value theory to the North
Atlantic region (35˚N-70˚N, 80˚W-0˚E), as well as to smaller regional areas where other
studies have found significant changes (45˚N-65˚N, 30˚W-10˚E) and an area around the
British Isles and Western Europe (45˚N-60˚N, 10˚W-30˚E). Their model output was an
ensemble of simulations using the coupled ocean-atmosphere GCM ECHAM5 in current and
future climates. The future climate simulation used both A1B and A2 scenarios, and the
current simulations used different states of greenhouse gas and aerosol concentrations over
the 1860-2000 year period. This study used the Generalized Pareto Distribution (GPD) fitted
to extreme intensities above the 95% and 97.5% thresholds. The GPD is a distribution within

!

";!

the generalized Pareto family that is frequently used to fit threshold models following
extreme value theory (Coles, 2001). The authors determined return periods for the minimum
central pressure and vorticity. There were shortened return periods for vorticity for all
intensities of storms in the area of the British Isles as early as the year 2040. The authors
suggested that the changes seem unrealistically large, but in general their results imply there
may be increased risk of damaging storms particularly for the area of the British Isles and
Western Europe. They explored possible reasons for the near-term intensification of storms
in these regions and found that many of the changes were associated with more favorable
conditions for the development of storms, such as an extension of the polar jet into Europe
and an enhanced frequency of zonal flow patterns. The factors that affected the development
of individual storms were likely increased latent heating, upper-air divergence, baroclinicity
and the jet stream. In general they project the potential for increased losses over western and
central Europe.
All the above-cited investigators encourage future studies on this problem in order to
obtain more robust results. Most of the studies use one model for either single simulations or
ensemble simulations. Often it is difficult to perform an ensemble of simulations on the
global scale due to the large file sizes and the time required for global models to run. The
present study uses imposed climate changes from the A2 scenario composited from five
models used in the IPCC AR4 applied to boundary and initial conditions of a regional scale
model. By using a regional scale model, we can go to a grid spacing of 20km. We use this
mesoscale-resolution model to capture cyclone features that are likely missed at GCM scales.
We analyze the full output of 10 years of cold season simulations. We eschew compositing or
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averaging storms to avoid smoothing away key features associated with damaging
windstorms. This study is intended to provide information about changes in risks of damage
to insured assets. Compositing could smear out the intense winds, which are of the most
interest to the insurance and reinsurance industries.
Extreme winds will be defined as the top 2% of wind at each grid cell. This is
preferable to using regional percentiles, which are dominated by the stronger winds found in
areas with greater topographic relief. These locations have stronger winds but also have
fewer insured structures, and those present are typically built to withstand stronger winds.
1.3 Hypotheses
This study aims to address possible changes in European windstorms with projected
climate change. It was shown in Willison et al. (2013) that the higher resolution simulation
better represented diabatic effects within extratropical cyclones. GCMs must be run at coarse
resolution due to limitations of computer power, and therefore, we expect that the
improvement in representing diabatic features in our regional simulations will provide useful
information on how European windstorms might be affected by climate change. Diabatic
effects are known to strengthen windstorms based on prior research into specific storms (e.g.,
Fink et al., 2012). As we are aware that diabatic effects often aid in the strengthening of a
system, we hypothesize that with climate change we will see stronger storms. With global
climate change, warming temperatures will lead to increased moisture in the atmosphere, and
it is expected that this increased moisture and intense precipitation will strengthen the
systems through more latent heat release. Often, extratropical cyclones develop through
mutual amplification of upper-level and lower-level disturbances. Added latent heat release
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lowers the static stability allowing more ascent and divergence aloft, intensifying the
cyclone. It has also been shown that latent heat release can amplify upper-level ridges and
lower-level potential vorticity (PV) in the vicinity of the cyclone, which intensifies the
system (Lackmann, 2002). The PV framework if often used to describe diabatic influences
as it has adiabatic properties, allowing for the quantification of diabatic effects. Many
studies have shown that the diabatic effects contribute to cyclogenesis (e.g. Davis and
Emanuel 1991; Davis 1992; Stoelinga 1996). A positive diabatic feedback occurs when
diabatic effects intensify cyclones, which leads to additional precipitation that generates more
latent heat release.
There are competing effects, including the expected decrease in low-level baroclinicity.
Although we hypothesize there will be stronger extreme events, the decrease in baroclinicity
could limit weaker storms from developing. Our hypotheses would suggest an overall
decrease in storm frequency, but an increase in the intensity of storms that are able to
develop despite the decreased baroclinicity.
1.4 Thesis outline
The methods section (chapter 2) will discuss model setup as well as analysis
techniques used to quantify changes between the current and future simulations. Chapter 3
discusses a case study of windstorm Xynthia simulated in a current and projected future
climate. Chapter 4 describes the use of seasonal simulations that allow the use of statistics to
quantify changes in the tails of the distribution. Chapter 5 is a summary of results and
discussion of the principal findings.
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2. Methods
This section focuses on the methods used in experiments addressing possible changes
in strong extratropical cyclones that generate European windstorms. The study uses
simulations of storms in current and future climates. The model configuration, as well as
boundary and initial conditions, are described in detail. Analysis techniques, including the
use of extreme value theory, are also discussed.
2.1 Model description and configuration
The Weather Research and Forecasting model (WRF) with the Advanced Research
WRF dynamical core (WRF-ARW) Version 3.2.1 is used for all model simulations. WRF is
a limited area, fully compressible, non-hydrostatic mesoscale model that lends itself to
research and operational applications. The model grid is staggered using the Arakawa-C grid
(www.mmm.ucar.edu/wrf/OnLineTutorial/Introduction/index.html).

A

more

detailed

description of the WRF model can be found in Skamarock 2005 and in Skamarock et al.,
2008.
Two types of simulations are used in this study, one spanning 10 winter seasons to
allow for the calculation of statistics, and another as a case study to allow an in-depth look at
specific features and dynamics of a strong windstorm. Similarly, both types of simulations
are run for a current climate and a projected future climate. The hope is that with the
seasonal simulations, we can better understand how systems could typically change in a
changing climate, while the case study allows us to focus on the individual changes and how
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they affect that particular storm. The combination of these two types of studies is expected
to give valuable insight into the problem.
Many atmospheric processes are too fine for our model grid sizes to resolve. To
address this problem, parameterization schemes are used to represent these processes. The
parameterizations used are listed in table 1. The only difference in the case study simulation
is the use of the Mellor-Yamada-Janjic scheme instead of the YSU scheme. This will be
discussed in more detail in the section on the case study.
'
'
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Parameterization Type
Physics Package
Cumulus Parameterization
Kain-Fritsch (KF)
Planetary Boundary Layer
Yonsei University (YSU)
Mircrophysics
WRF single moment six-class (WSM6)
Long wave Radiation
Rapid radiative transfer model (RRTM)
Short wave Radiation
Dudhia Scheme
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Kain, J. S., and J. M. Fritsch, 1993: Convective parameterization for mesoscale
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the boundaryofand
initial conditions
arein
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scheme.
Representation
Cumulus
Convection
Numerical Models, Meteor. Monogr., No. 24, Amer. Meteor. Soc., 165-170.
generated using the Global Forecast System (GFS) final analysis (FNL) data
Skamarock, W. C., J. B. Klemp, J. Dudia, D. O. Gill, D. M. Barker, W. Wang,
(http://rda.ucar.edu/datasets/ds083.2/).
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a 1˚x1˚ grid
with 26WRF
vertical
levels2.
and J. G. Powers, 2005: A description
theonAdvanced
Research
version
NCAR Tech. Note, NCAR/TN- 468+STR, 88pp
that span pressures from 1000 hPa to 10 hPa. This operational analysis dataset is delayed

about an hour after the GFS in order to incorporate more observational data. The data are
available every six hours. The boundary conditions in both simulations are updated every six
hours. The current simulations use the unaltered analyses, and the future simulations use
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climate change adjusted values described further in the next section. The seasonal
simulations focus on 3 months: January, February and March. Due to the length of the
simulation, the variations in sea surface temperature (SST) are updated using the Real Time,
Global Sea Surface Temperature (RTG SST) data. The dataset is on a 0.5˚ x 0.5˚ grid and
provides a daily analysis of SST. The SST is calculated using in situ observations, such as
buoys and ship observations, and satellite-derived values from the most recent 24-hour
period (Thiébaux et al., 2003). In the seasonal simulations, the model SST is updated once a
week. The current simulation uses unaltered RTG SST data and the future uses an altered
version of RTG SST that takes into account climate change. The application of climate
change is performed the same way as in the GFS for the RTG SST product.
The model domain for the seasonal simulations (chapter 4) covers the North Atlantic
storm track and parts of Europe (Fig. 2.1). By focusing on this region, storms are given time
to develop over the Atlantic and to be driven by the model dynamics. Most of the
development typically occurs over the ocean, so this wide area is included to capture the
development prior to landfall in Europe. The interest of this study is on the damaging
features of European windstorms over land. The strength and development of a system is
important in order to accurately capture what types of changes could result from the changes
in climate. The domain allows for storm development in the North Atlantic, and covers the
areas of Europe that are most frequently affected by these systems.
Chapter 3 focuses on a case study with experiments that compare how a specific
storm behaves in the current and future climates. The boundary and initial conditions for the
case study are applied in the same manner as in the seasonal study, with the exception that
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the SST is not updated. This is justified by the fact that the time scale is short enough that we
do not expect significant changes in SST to occur. Due to the shorter run being less
computationally expensive, more vertical levels are used to help resolve features that could
affect surface wind speeds (60 levels). The sustained model winds are likely weaker than
observed gusts; this is because boundary-layer turbulence is parameterized in the model. The
focus of this study is how winds could change in a changing climate. The comparison is
made between model outputs, so although the winds, lacking gusts, may not be representative
of the magnitudes associated with the damaging winds, the experiment provides insight into
whether these winds are expected to become stronger or weaker in a projected future climate.
For the case study, model output is stored every hour. One way to try to capture the
magnitude of the damaging winds is to use a gust parameterization. These parameterizations
attempt to estimate what a gust would be given the large-scale state of the atmosphere. There
are quite a few methods for doing this, and in this study we apply a simple gust calculation
based on a method generated at NCEP. This gust parameterization is applied to the case
study and the calculated gusts are compared with METAR observations over France for
windstorm Xynthia. France is the area that saw some of the most damaging aspects of the
storm, so this area is the focus of testing of this method. The simulation uses one-way nesting
to obtain higher resolution over areas and features of interest (Fig. 2.2).
2.2 Climate Change
To analyze possible changes in these extreme events, climate and single storm
simulations are used to compare events in a current and projected future climate. The future
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climate projection is generated using a “pseudo-global warming” process similar to previous
studies (Schär et al.,1996; Frei et al., 1998; Hill and Lackmann 2011; Mallard et al., 2013).
A five-member GCM ensemble from the Intergovernmental Panel on Climate Change
(IPCC) is used to derive this change. The Assessment Report 4 (AR4) Special Report of
Emissions Scenarios (SRES) A2 scenario is used applied to these five GCMs to generate an
ensemble average of thermodynamic changes (http://www-pcmdi.llnl.gov/) expected to result
from this scenario. This scenario assumes continual population growth with slower
technological

changes

to

reduce

emissions

than

the

other

scenarios

(http://www.ipcc.ch/publications_and_data/ar4/wg1/en/spmsspm-projections-of.html).
2.2.1 GCMs
A description of the five GCMs used to generate the ensemble climate change is
listed

in

the

table

below.

More

information

can

be

found

at

http://www-

pcmdi.llnl.gov/ipcc/model_documentation/ipcc_model_documentation.php.
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Model Name
Horizontal Resolution
BCCR-BCM2.0
2.8◦
CNRM-CM3
2.8◦
◦
INM-CM3.0
5 x 4◦
ECHAM5/MPI-OM
1.875◦ x 1.875◦
UKMO-HadCM3
2.75◦ x 3.75◦

Vertical Levels
31
45
21
31
19

More Info
http://www-pcmdi.llnl.gov/ipcc/modeld ocumentation/ipccm odeld ocumentation.php
BCCR-BCM2.0http : //www−pcmdi.llnl.gov/ipcc/modeld ocumentation/BCCRB CM 2.0.htm
CNRM-CM3http : //www − pcmdi.llnl.gov/ipcc/modeld ocumentation/CN RM −
CM 3.htm
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These models vary in horizontal and vertical resolution. To address this, the output is
bilinearly interpolated to a common 1˚ x 1˚ grid to match operational analysis data used as
boundary and initial conditions in the limited area simulations. The data are also linearly
interpolated in the vertical to make all GCM levels match those of the operational analysis.
The 100-year thermodynamic climate changes are taken as the difference between the
decadal averages for future (2090-2099) and late 20th-century (1990-1999) climates.
The 100-year climate change is added to the GFS FNL analyses to create future initial
and boundary conditions for the climate change simulations. Separate changes were
computed for each month of the simulation and added to the boundary and initial conditions.
The same is true for the future SSTs; changes are added to the RTG SST data, which are used
to update the model SST weekly for the seasonal simulations.
The process described above directly incorporates changes in temperature from the
GCM A2 ensemble. By assuming constant relative humidity, the warming leads to increased
specific humidity, especially in the lower troposphere. When we then compute the initial and
lateral boundary conditions for high-resolution mesoscale simulations, the geopotential
height is computed using the warmed virtual temperature, resulting in a height increase
across the domain, strongest in southern regions due to strong warming of the tropical upper
troposphere as well as the greater increase in specific humidity there. The wind fields were
left unaltered; this leads to a slight imbalance at the beginning of the future simulations,
however, these changes are very weak and did not generate any issues in the simulations.
For surface variables, including sea-surface temperature, 2-m temperature, skin
temperature, and soil temperatures, two different strategies were employed. The sea-surface
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warming was computed from the GCM ensemble, and applied to the SST. Over land, the
average skin temperature changes from the GCM were applied to the initial conditions for 2m, surface, and sub-surface layers. No change in soil moisture was applied, or changes in
vegetation. Although this is unrealistic, the majority of the storm development will be over
water, which is not be affected by changes in vegetation and soil moisture. The ensemble
changes are calculated for the months of January, February and March (Fig. 2.3). January
model changes were added to the end of December and January, February model changes
were applied to February, and March changes were applied to March and the beginning of
April. The averages are derived from multiple models, so there is not a large change between
months (Fig. 2.3); this ensures there should not be an issue with the evolution of the changes
applied to the model simulations. The black boxes (Fig. 2.3) show the approximate area of
our domain for the simulations, and therefore, the changes that were applied in our
simulations. Also shown is the current and future skin temperature changes that were applied
to the SST and soil layers (Fig. 2.4).
Changes in carbon dioxide content must also be accounted for in our future
simulations. Averaging the A2 scenario 2090-2099 CO2 concentrations and applying this
concentration in the radiation scheme accounts for this. In both current and future
simulations, the Rapid Radiative Transfer Model (RRTM) radiation scheme is used. The
current simulations used the default value of 330 ppm of CO2 and the future concentrations
projected from the A2 scenario were 785 ppm.
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2.3 Model simulations
The focus is on the winter months when conditions are most favorable for the
generation of damaging windstorms. The lateral boundary conditions in all simulations are
updated every six hours. For the seasonal simulations, ten seasons are simulated starting
December 24 of the previous year through April 8 (7th for leap years) for the years 20022011.
A higher-resolution is expected to provide a more detailed look at the storm climate,
especially by resolving diabatic processes that contribute to storm development. This is
expected to be especially important in resolving storm intensity, which have been found in
many studies to increase in strength with increasing resolution (e.g. Ulbrich et al.,2009; Pryor
et al.,2012; Willison et al.,2013).
2.4 Analysis
2.4.1 Extreme Value Theory
Damage typically comes from the strongest storm systems. To focus on these storms,
EVT is used to focus on the high-wind tail of the distribution of winds. This statistical theory
allows the tails of the distribution to be modeled explicitly. The peaks over threshold (POT)
is used in order to retain as much data as possible while still having a high enough threshold
to maintain the asymptotic nature of the theory (Coles, 2001). The tail is then fit with the
Generalized Pareto Distribution (GPD) for threshold exceedence. The distribution for the
Generalized Pareto family is defined as
!
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where µ is the location parameter, ! is the scale parameter, " is the shape parameter and u is
the threshold (Coles, 2001).
The focus here is on the top 2% of the data. The full ten winter seasons have output
every 6 hours, and yield 4200 total points at each latitude and longitude grid cell. The top 2%
of the data gives 84 values at each latitude and longitude point.
Since terrain and other factors influence the wind climate, the threshold changes by
location. For example, the threshold of a mountainous region will likely be stronger winds
than in a flatter area with less complex terrain. To do this, the top 2% is taken at each
individual grid cell to allow a dynamic threshold that molds to the data. This is important
because buildings are often built to sustain climates that are considered the norm, so what
would cause damage in a flat terrain may not cause damage in a more complex terrain.
Another issue that must be addressed is the issue of independence. EVT assumes the
data points are independent (Coles, 2001), which is not necessarily true for our model data. A
single storm may register multiple times (data points) of extreme winds, and if the data are
not declustered, this can erroneously weigh the tail towards more frequent/heavier values.
Model output is available every 6-hours, or 41 times a day. Windstorms are generally fast-
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moving systems, typically affecting a specific location for a day or less. To address this, our
future work will use a declustering method. This method will decluster the data with a run
length of 4; this means the data must drop below the registered threshold 4 times (24 hrs) for
it to be considered a separate storm. Since the data are available every 6 hours, and as
mentioned before windstorms tend to be fast-moving systems, we do not expect large
differences when declustered data are used in the statistics.
Next, the data are used to determine return levels and return periods of the wind
speeds at each individual grid cell. Different locations are not expected to show the same
magnitude of change; some areas may increase or decrease in wind speed. The abovedescribed EVT methods are applied only to the 10 season simulations. It is not applied in
this fashion for the case study as this is only one storm, and therefore does not generate
independent data.
2.4.2 Storm Tracks
In order to see the change in storm frequency and location, the Hodges tracking
scheme is used to calculate storm track statistics (Hodges, 1994). The tracking feature used in
this study is the 850 hPa relative vorticity. This algorithm allows comparison of storm track
density, mean intensity and genesis density, all of which could influence the damage
experienced in a particular location. This is mainly used to focus on the frequency and
intensity of storms over the area of interest. The tracking statistics are plotted for the current
and future simulations at the 20 km and 120 km grid spacing. This will be used to determine
if a similar number of storms are captured in the two different resolutions, as well as if the
future simulations exhibit a change in frequency.
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2.4.3 Diabatic Changes
It is hypothesized that the added diabatic effects from climate change will enhance
the storm strength causing stronger winds. This is expected because there will be more
available moisture in the atmosphere with higher temperatures; this creates an environment
that would support stronger diabatic processes. This is investigated at the coarse (120 km)
and high (20 km) resolution models. It is expected that the high resolution will yield
significantly different results. This has been investigated in similar work (Willison et al.,
2013), which showed that higher horizontal resolution significantly improved the ability of
the model to capture diabatic effects.

The precipitation rate in relation to vorticity is

compared between the simulations to see if there is a correlation. With stronger precipitation,
we expect more latent heat release, which is expected to feed back into the storm and
strengthen the storm/winds.
Chapter 3 will focus on a case study of windstorm Xynthia that occurred in 2010.
Chapter 4 will focus on the seasonal simulations and implement extreme value theory to
obtain a statistical analysis of the results.
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3.

Case Study

3.1

Windstorm Xynthia

3.1.1 Synopsis
Simulations of windstorm Xynthia are carried out for a present climate and projected
future climate. Both simulations are done using WRF version 3.2.1 on a 60 km grid with
nested 20 km and 6.6 km domains (Fig. 2.2). The grid scale of 60 km for the outer domain is
chosen because it is finer than the 120 km grid scale used in the climate simulations, yet
coarser than the 20 km “high-resolution” climate simulations. We hope to gain insight as to
whether there is an intermediate resolution between 120 km and 20 km in which features of
interest can be resolved.
Wind speeds for France, the area most affected by the storm, are compared to
METAR observations from 50 stations. These stations are used to interpolate values between
stations using an objective interpolation method using radii of influence of 3˚, 2˚ and 1˚. This
allows easier comparison between datasets as it fills in values where stations are unavailable,
while still taking the distance between stations into account. The METAR values include
reported gusts, or maximum instantaneous winds within a 10-minute interval. Our model
does not calculate gusts, and is at a much coarser resolution with only hourly winds exported;
because of this, we see the station observations report stronger winds than are obtained from
the model.

Obtaining an accurate comparison between our model and observations is

challenging. The model winds are compared to one another in order to make the comparison
as homogenous as possible.
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Windstorm Xynthia formed southwest of the Iberian Peninsula on February 26, 2010
and caused the most damage on February 27 and 28. The simulation is initialized on
February 26 to capture the storm development before it made landfall, and it runs through
March 1 to capture when the storm was dissipating. The simulation runs for 90 hours
(February 26 at 00 UTC to March 1 18 UTC) with model output saved every hour. The
hourly output allows an in-depth look at the diabatic effects on the storm, as well as the
model derived wind speed.
In the future simulation, the cyclone is weaker and moves faster than in the current
simulation. A plot of the simulated sea-level pressure for the present and future cyclone
shows that most of the deepening occurs over water. The two storms first begin to diverge
early on in the simulation on the 26th while still over water, and then noticeably diverge again
when the future simulation makes an earlier landfall over the Iberian Peninsula (Fig. 3.3). It
is unclear why the current system is stronger than the future system early on, particularly on
the 26th around 12 to 14 UTC. This is further investigated in the following section.
The maximum winds over the course of the entire model simulations are plotted at
each grid point to see how the different grid spacing performs in resolving the winds. The
maximum wind at each grid point is shown because it is the strong winds that are of interest
in our study, yet models often underestimate wind speed, particularly in “coarse” models.
Improved representation of the strong winds is seen when going from a 60 km grid to 20 km
grid, with a less clear change going from the 20 km to the 6.6 km grids (Figs. 3.8, 3.9 and
3.10). There is more detail, as to be expected in the 6.6 km grid, but the representation of the
wind speeds does not appear to change significantly in the future simulation. The change
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from the 20 to the 6.6 km grid in the current simulation is greater, implying that the stronger
the winds are, the more sensitive they are to resolution.

Overall, it appears that both

simulations improve the most when going from 60 to 20 km grid spacing. This further
justifies our use of the 20 km grid for the climate simulations in chapter 4.
3.1.2 Background on Windstorm Xynthia
Windstorm Xynthia was an intense storm that cost an estimated $2 to $4.1 billion
USD (AIR Worldwide) and caused 62 deaths, most of which were from drowning. In La
Rochelle, France, the early spring high tide coupled with strong winds and storm surge
caused rapid water rise, which led to many reported fatalities (Grumm, 2010). Another area
with many fatalities was L’Aiguillon-sur-Mer and surrounding areas, due to the collapse of a
sea wall along the French coast. When the sea wall was breached, a powerful storm surge
with a wave 26ft high (8m) crashed through the streets. The “weak” sea walls were indicated
as the reason for the disaster that caused so much damage in these coastal areas (BBC, March
1, 2010). The wall was believed to date from the Napoleonic era.
Xynthia crossed Europe and caused extensive damage February 27-28, 2010. Grumm
(2010) studied the storm, exploring the anomalies that aided in the development and
intensification of the system. The anomalies were derived using climatology from the
NCEP/NCAR reanalysis dataset (Kalnay et al., 1996).

Grumm defines a standardized

deviation as:
SD =

!

(F ! M )
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where F is the value for the reanalysis data at each grid point, M is the climatological mean
based on the date and time of interest, and ! is the standard deviation at each grid point. He
showed some notable anomalies. The 500-hPa trough off the Iberian Peninsula that was -3 to
-4 SDs lower than average and precipitable water pulled into the storm was 2 to 4 SDs above
normal. The extra warm and moist air that was prevalent in this storm is why this case is
selected for further study in this project. The extra moisture is expected to provide more
insight into diabatic processes associated with storm development. When applying climate
change, assuming small changes in relative humidity, warmer temperatures mean there will
be more moisture available in the atmosphere. This moister environment could lead to
stronger intensification of the cyclone through latent heat release; this is discussed in the
literature review.
3.1.3 Simulation and Storm Track
For this case study, the simulation is generated using boundary and initial conditions
from the GFS FNL analysis data. As described in the methods, the boundary and initial
conditions are updated every 6-hours. The current simulation uses unaltered analyses and the
future simulation uses the analyses with thermodynamic changes due to climate change
added. The simulation is nested, with an outer domain at 60 km grid scale with inner 20 km
and 6.6 km nests (Fig. 2.2). Model physics are the same as for the climate simulations, except
that the Mellor-Yamada-Janic (MYJ) planetary boundary layer (PBL) scheme is used. The
Yonsei University (YSU) PBL scheme was used in the climate simulations. Both are
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computationally inexpensive schemes, however YSU is a non-local closure scheme, and
MYJ is a local closure scheme.
France experienced most of the damage from Xynthia. The lowest central pressure
recorded during the event was 967 hPa in Northwest France on the 27th of February (Fig.
3.1). The track was well captured in the WRF current and future simulations (Fig. 3.2). In the
future simulation, the storm is weaker than in the current simulation and the actual event. The
future simulation of cyclone Xynthia moves faster and does not reach as low a central
pressure. The most notable difference is over France, where the current low is simulated at
968 hPa, and the future low at 975 hPa. Over northwest France, 968 hPa in the current
simulation occurred at 06 UTC on February 28, and the future simulation shows 975 hPa
over the same location 6 hours earlier at 00 UTC on February 28 (Fig. 3.3). For ease of
comparison, the ECMWF reanalysis values of sea level pressure are also plotted as the
observations (Fig. 3.3). It should be noted that the ECMWF data was only available at 6
hourly intervals (00UTC, 06UTC, 12UTC, and 18UTC), so the temporal resolution is coarser
for ECMWF and shows less detail of the storm strengthening. The ECMWF and current
simulation illustrate similar deepening until it approaches the end of the simulation where the
actual storm dissipates faster than the current simulation. The general track and similar
maximum strength of the system in the current simulation versus the values given by the
DWD (German Weather Service, Fig. 3.1) and the ECMWF (Fig. 3.3) provide greater
confidence in the model experiments comparing the current and future simulations.
This result was not what was expected; our hypothesis is that the added latent
heating in the future simulation would strengthen the storm in comparison with the current
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simulation. Examination of the 500 hPa heights with sea level pressure and 250 hPa jet, we
are able to compare the times in which there are clear differences in the deepening. This
system had an upper trough that was a major contributor to the deepening. The relative
vorticity at 250 hPa is also plotted for these times to provide insight into cyclone
development. Cylclones can rapidly intensify in areas of preexisting vorticity, so this may
provide insight as to whether this explains the divergence of the system strength at the
beginning of the simulation before making landfall. The first time examined is February 27 at
12 UTC, which in the simulation is around the time the storm made landfall on the Iberian
Peninsula (Fig. 3.4). The future simulation shows a minimum sea level pressure at 983 hPa
while the current simulation showed 979 hPa. Both storms have an upper level trough, but
the gradients are tighter in the current simulation, and the line-up of the jet indicates
divergence aloft. The current 500-hPa heights are lower, though some of this is an effect of
the warmer temperatures in the future simulation leading to greater thicknesses. The 250 hPa
vorticity for the two simulations were also plotted to see if this could provide insight into
why the systems becomes weaker in the future so early in the simulation. At 12 UTC on the
26, there is little obvious difference between the vorticity plots (Fig. 3.4). Two hours later in
the simulation (February 27, 14 UTC) the current storm shows a minimum sea level pressure
of 978 hPa, with the future weaker at 982 hPa (Fig. 3.5). The plot of vorticity at 14 UTC on
the 26th also shows little difference. On February 28 at 00 UTC, the future storm has already
made landfall in France while the current storm is over the Bay of Biscay. The current
simulation has a minimum sea level pressure of 971 hPa and the future has a 975 hPa. The jet
has shifted a bit south of the low center in the future run (Fig. 3.6).
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$%(0D4%0D.! .%&! -+6D35.+0*G! .%&! future cyclone moved faster than in the current
simulation, making landfall in Spain and Portugal earlier and spending less time over the Bay
of Biscay before making landfall in France (Fig. 3.3). Based on this, it appears that the
diabatic influence is important, as expected, for cyclone strengthening, since the further
deepening of the current cyclone occurred over water, and is likely a major contributor to the
deeper system in the current climate. Another contributor to the weaker future storm is likely
from the frictional effects the system would have encountered upon an earlier landfall.
Interestingly, the added moisture of the system in a future climate does not appear to affect
the system as we hypothesized.
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The 20 km simulation deviated a few hPa from the 60 km simulation; the

lowest central pressure for the current simulations was 964 hPa for the 20 km nest, and 966
hPa for the outer 60 km domain. The largest deviation in the current simulation from 60 km
to 20 km grids was 3 hPa. The lowest central pressure for the future simulation was 968 hPa
for the 20 km nest and 967 hPa for the outer 60 km domain, and the largest deviation
between 60 and 20 km was 2 hPa.
3.1.4 Extreme Winds
Damage is often caused by strong gusts, which are not calculated in our model
simulations. Our simulation has hourly output, whereas gusts are typically calculated at
higher temporal resolutions. For example, the World Meteorological Organization (WMO)
defines a wind gust as the maximum wind averaged over 3 second intervals. Since it is not
feasible to save model output this frequently, a gust parameterization could be applied in an
attempt to better represent the winds. Gusts can be difficult to model, and there are varying
forms of complexity in these parameterizations. The gust parameterization used here is
adapted from an NCEP method, and compared to observed gusts from METAR stations in
France. The method applied is described by the following equation
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When comparing calculated gusts versus the observed gusts for this system, the
parameterization overestimates the strength of observed gusts and is therefore no longer used
in calculations (Fig. 3.8). It can be seen in the equation that estimated gust values are highly
dependent on the planetary boundary layer height. It was decided to eschew a gust
parameterization, because it did not appear to work well with this simulation, and we do not
want to add any extra sources of error or uncertainty. Instead, the model simulated 10-m
winds are used with the knowledge that these are sustained winds and not gusts. Such
simulated sustained winds are expected to be weaker than winds typically observed in a real
storm that does have gusts. The spatial distribution of where the strongest winds occur should
not change, however.
Maximum wind speeds are plotted for 60, 20, and 6.6 km grids for both current and
future simulations, as well as difference plots of the future minus the current (Fig. 3.9, Fig.
3.10, Fig. 3.11). Stronger winds are resolved with the increase from 60 to 20 km; with less
noticeable changes from 20 to 6.6 km. The change from 20 to 6.6 km for the future run
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shows minimal changes, with a larger change in the current simulation. For the current
simulation, the 60 to 20 km change is still larger; while there is still a noticeable increase
from 20 km to 6.6 km. This implies that the stronger the winds, the more sensitive they may
be to resolution. The future simulations show weaker winds, consistent with an overall
weaker storm. This result implies that the stronger winds seen in the future climate
simulation are likely from different storms, rather than more intense versions of the current
storms. This will be examined using the 10-year simulations of winter climate.
3.1.5 Vertical resolution
This case study used 60 vertical levels in an attempt to better resolve the winds. The
climate simulations in chapter 4 only use 28 levels. To address the difference this has on the
wind speeds, Xynthia was also simulated using 28 levels. The future simulations of Xynthia
are compared for the differing vertical resolutions with everything else being equal (Fig.
3.12). There are instances of stronger simulated winds with the 60 vertical levels versus the
28 vertical levels, but most of the stronger winds are in areas of complex terrain. The
differences do not appear large enough in the areas of interest to justify the extra
computational power needed to model the 10 winter season climate simulations with 60
vertical levels. Most GCM simulations have relatively coarse horizontal and vertical
resolution. All GCMs used in the ensemble to calculate climate change have fewer than 60
levels.
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4.

Seasonal Simulations

4.1.1 Synopsis
Simulations of winter seasons are presented for both a present and projected future
climate using the WRF model version 3.2.1 at 120 km and 20 km grid-scales. This is a
limited area model with the chosen domain for both the 20 km and 120 km grid (Fig. 2.1).
Grid spacing of 120 km was selected, as it is representative of a “high-resolution” climate
model. Most global climate models are relatively coarse, with the highest resolution being on
the order of 1˚, or approximately 100 km. The 20 km simulation is used as our “highresolution” model run, and is expected to better represent the small-scale features that help
strengthen the storms. It is also expected to help represent wind speeds by better capturing
the strongest winds. It was shown in the case study (Chapter 3) that there is an increase in
wind speeds from 60 km to 20 km, indicating that 60 km may be too coarse to resolve the
details we are interested in.
!

The focus for the climate simulations is the months of January, February and March.

The simulations start one week before January 1 and end one week after March 31 to allow
any systems that formed to move on or dissipate. Looking at the maximum wind speed
reached at each location over the 10 seasons for the 20 km and 120 km current simulations
illustrates that 120 km grid spacing does not capture the strongest winds (Fig. 4.1). The
differences were calculated (Fig. 4.1); the greatest changes are an approximately 10-11 m/s
increase with resolution. Because this study is focused on extreme wind, the 20 km data will
be emphasized.
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4.1.2 Extreme Value Analysis of Seasonal Simulations
Extreme value theory (EVT) is used to focus only on the tail of the distributions. The
Generalized Pareto Distribution (GPD), or peak over threshold (POT) method is used for
fitting the tail. Here the threshold is the 98-percentile wind, or top 2% of winds at each grid
point. The analysis is performed separately at each grid point to minimize the effects of
terrain and surface roughness and provide values of what is considered “extreme” at each
location. It is assumed that the top 2% of winds at each grid point were damaging wind, and
therefore, the top 2% were used with the modeling of the tail. The ten seasons have a total of
4200 times at each grid point, so the top 2% contains the 84 strongest wind values at each
grid point. The thresholds for the top 2% at each location for the current and future
simulations were plotted (Fig. 4.2). The difference between the current and future threshold
shows there is not a large change between the current and future threshold limited to
increases of about 1 m/s in the future simulations (Fig. 4.2).
The POT method is used to calculate the return levels of the wind speed based on
return period, with January, February and March used in the analysis. The return period can
be any time unit of interest, for example, years or seasons. Here, seeing as it is used for the
winter season when these storms are prevalent, we could describe our return periods as nseasons. Windstorms are usually the strongest and most common in the winter due to the
enhanced temperature gradient, so we assume that other damaging winds in other seasons
may not be associated with extratropical cyclones. Since there is one winter season a year,
we will define the return period of n-years with the understanding that this would just be for
damaging winds due to strong extratropical cyclones, and not other phenomenon. It should
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be noted that strong windstorms could occur outside of these months, such as the windstorm
of 1859 and the great storm of 1987 (Burt and Mansfield,1988), both of which occurred in
October.
The return levels are the values that one could expect to see over n-years. These are
not cumulative, so the probability of an event occurring in a single season is 1/n. For
example, a 25-year return period would have a 1/25, or 4% chance of occurring in each year
in a 25-year span. Since the probabilities of exceedence in each year are independent, it
could be that the modeling projection of a 25-year event does not happen in the 25 years, or it
could happen more than once. The 25-year return levels for current and future climate were
calculated, as well as the differences seen between the two (Fig. 4.3). An interesting result is
that the top 2% of winds changed very slightly in the future simulation, however the return
periods showed a larger change. This implies that the strongest winds (winds within the top
2%) showed larger changes with a warmer climate.
Since these values are from the tail of the distribution and most significance tests
assume a normal distribution, it is unclear what a true significance test would be. To get a
general understanding on how large the changes are, values from the confidence intervals of
the current and future simulations are compared. To do this, the upper bound of the slower
wind is compared with the lower bound of the faster wind, and if the values do not cross, it is
considered “significant.” The 95% confidence intervals and the 85% confidence intervals are
compared to provide insight into whether or not the changes are significant. If there is a
significant increase in wind speed in the future, it is shaded red. If there is a significant
decrease in wind speed in the future it is shaded blue (Fig. 4.5). A few areas in the UK and
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parts of northwest Germany and the Netherlands show significantly stronger wind at the 95%
confidence level. The 85% confidence interval, as expected, includes more areas with
significant changes in the winds. In general, in both tests, most of the significantly stronger
winds are seen in the British Isles and some of the northern portions of Western Europe. A
decrease in winds is seen in the Mediterranean area in the 85% significance comparison, with
very few significant decreases showing up in the 95% significance level.
4.1.3 Other measures of Intensity
In an attempt to look at the strongest systems generated in the model, we consider the
maxima in wind speeds and minima in sea-level pressure. A comparison of the maximum
wind speed at each grid point for the entire 10-seasons is calculated for current and future 20
km simulations. The future simulations have areas where the fastest winds are stronger (Fig.
4.4). In the UK particularly, increases in wind speed are seen in the future simulation. The
maximum change seen in the UK in the simulation is a 6 m/s increase in maximum wind
speed (Fig. 4.4). All changes in wind speed, even if only a few m/s could mean drastic
changes in how much damage occurs. The change in damage can be significant even if the
changes in wind speed are not because damage is proportional to the wind speed cubed. This
empirical relationship has been used in studies to estimate damage of wind events (e.g.
Klawa and Ulbrich, 2003).
To look at the most intense storms, the minimum sea-level pressure for the entire 10season simulations for current and future 20 km simulations is plotted (Fig. 4.6), along with
the difference between the current and future simulation. In this plot blue shading indicates a
deeper or stronger storm while means the systems were weaker and not as deep. In the
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southern and western Altantic basin weaker maximum intensity storms are simulated in the
future, while stronger maximum intensity storms are found over the eastern portion of the
basin on into Europe, centered on the latitude of the English Channel.
To look at diabatic influences that could affect areas with strengthening winds or the
areas where the most intense storms intensify in the future simulation, the change in the
maximum rain rate is plotted (Fig. 4.7). An increase in the heaviest precipitation with
climate change is found throughout much of the domain, with some areas of lighter
precipitation, most notably in the southern North Atlantic. The bands of increased heaviest
precipitation roughly correspond with the deepening of the strongest storms (Fig. 4.6). This
is not a conclusive comparison, however as both the minimum sea level pressure and
maximum rain rate differences are for the entire duration of the simulation, so it is not known
if the same storms are responsible for the extremes in both variables.
4.1.4 Are the strongest storms in the future the same storms or different storms?
As is seen in the maximum wind speed reached at each location in the current and
future simulation, the future has faster winds in many locations. The same is true of the
return periods, which take into account the top 2% of winds rather than the maxima over the
entire 10 seasons. The return periods therefore give more information since there are more
values used in determining what the wind speed would be for a given return period.
Interestingly, the 2% threshold does not change much between the two simulations, although
the return periods do. This implies it is the most extreme storms that are above the 2%
threshold that cause the increases in winds for the 25-year return period.
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In the case study described in Chapter 3, windstorm Xynthia shows weakening in the
future simulation, which brings us to the hypothesis that the storms that become damaging in
the future are not the same storms as in the present. To test this, a time series was constructed
recording the number of grid points where the minimum sea level pressure was reached at
each time (Fig. 4.8). The correlation coefficient was calculated with an R-value of 0.34 for
the current and future. This suggests that most of the events are different storms. There also
appears to be a time shift in many of the extreme systems (Fig. 4.8). There is also a likely
shift in space of the systems, which is examined through the description below.
To get a better idea of where systems might be, the index of time was plotted. There
are a total of 4200 times, so the first step was figuring out what years the systems occurred
(Fig. 4.9). As can be seen in the image, years 2002, 2007, 2009 and 2010 (Figs. 4.10-4.13)
influence the area over land of Western Europe where the events are common. There are 420
times in a season, and the seasons are put in a file continuously, so the numbers are not the
most obvious increment, but it does show which storms occur during a similar time frame.
This can be further explored to see if they are close enough to be the same storm. This
preliminary look indicates that most of the storms that reach maximum intensity are different
storms in the future than in the current simulation. There are some instances where it appears
the strongest storms were the same, such as in 2007 (Fig. 4.11) there is a system that affected
Western Europe, particularly in the areas of Spain and France. There is also an instance in
2009 (Fig. 4.12) near the British Isles that appears to be on a similar time frame. The future
storms for both of these instances are stronger (Fig. 4.6). Further investigation of these
storms could provide insight into why these particular storms got stronger in the future. This
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would be especially interesting since our case study of Windstorm Xynthia (Chapter 3)
became weaker in the future simulation. Future work examining these storms could bring
insight into the dynamics of why these two storms in the seasonal simulations became
stronger, while Xynthia did not.
4.1.5 Tracking Statistics
The Hodges tracking scheme is used to calculate the statistics from the storm tracks
for the 120 km (Fig. 4.14) and 20 km (Fig. 4.15). There are not large changes between the
high and low-resolution tracks. Within the 120 km statistics, the future simulations show a
decrease in track density in the Mediterranean and an increase for the Northeast United
States. The future tracks show minor changes in mean intensity with increases in Northwest
Spain and France and decreases near Greenland. There is also a slight decrease in genesis
density for the Mediterranean.
The 20 km simulations also show an increase in track density in the Northeast United
States with some minor changes over the Atlantic and a decrease in track density over the
Mediterranean. There appears to be an expansion of areas that see higher mean intensity in
the future simulation. Genesis density shows some decrease in the Mediterranean and some
increase in the North Atlantic. The changes in the 20 km statistics mirror those of the 120
km, but with stronger values, likely because of the increased resolution.
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2.10
1.80
1.50
1.20
0.90
0.60
0.30
0.00
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6.5
6.53.90
6.0
6.03.60
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5.5
5.53.30

Lysis Intensity
Density
Mean
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5.03.00
4.52.70
4.02.40
3.52.10
3.01.80
2.51.50
2.01.20
1.50.90
1.00.60
0.50.30
0.00.00

Mean Intensity

5.0
4.5
4.0
3.5
3.0
2.5
2.0
1.5
1.0
0.5
0.0
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5. Summary and Conclusions
A series of high-resolution simulations over ten winter seasons reveals an increase in
extreme winds with climate warming, particularly in the area of the British Isles. This agrees
with many studies that also found an increased risk of winds storms in the British Isles under
climate change (e.g. Della-Marta et al., 2009). Our results also show that the changes going
from the 120 km winds to the 20 km winds are larger than the changes seen with climate
change. The simulations show an increase in some areas in the UK on the order of 10 m/s in
maximum winds going from grid scales of 120 km to 20 km, but changes in the maximum
wind speed between the 20 km current and future simulations show changes in this area of
only around 5-6 m/s. This is similar to the finding in Champion et al. (2011), which found
that cyclone properties were more sensitive to resolution changes than to imposed climate
changes.
An interesting result is that although the return level winds increase in magnitude in
the future simulation, the 98% threshold changes very little. Leckebusch et al., (2006) found
that it was the strongest winds that had the greatest increases in a changing climate; this may
be what is happening here. By singling out the top 2% of storms, we are already looking at
some of the strongest systems, but it could be above that 2% where big changes are
occurring. To further test this, a threshold could be set for the 99% to see if the threshold
values for this change more in the future, as well as further investigation into what storms
caused the strongest winds in the future climate and in the current climate.
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As mentioned, changes are seen in the statistics of the 10-season simulation, with
many places experiencing stronger winds and deeper lows for the most intense storms.
However, in our case study of windstorm Xynthia, the storm does not get as deep in the
future simulation, and it also has weaker winds than the current simulation. This first raised
the question of whether the strongest storms in the current and future simulation are the same
storms or different storms. This one case study implies that it could be different storms that
intensify in the future. To further investigate this, the minimum sea level pressure reached in
both the current and future seasonal simulations were analyzed to see if they occur in the
same time frame. A time shift is seen in the number of grid points experiencing the strongest
cyclones between the current and future simulations (Fig. 4.8). This time shift implies that
many of the stronger storms are likely different systems. A spatial shift is also likely, which
could be an affect of changing storm tracks and atmospheric stability. The spatial shift is
examined (Figs. 4.9-4.13), and shows that the storms that do appear to match up in 2007 and
in 2009 between the two simulations do have some slight spatial shifts
Unlike many studies that found a poleward shift in the storm track with projected
climate change (e.g. Bengtsson et al., 2006; Catto et al., 2011), we do not see a large change
in track position based on the calculated statistics. This could be due to the fact that we use a
regional model instead of a global model, so the solution is constrained by the updating of
boundary conditions. Large changes are also not obvious between the 120 km and 20 km
track statistics. Some studies suggested that the GCM resolutions were sufficient to resolve
cyclone features (e.g. Catt et al., 2010). The tracking scheme uses synoptic scale features to
identify storm systems, so although these were captured within both the 120 km and 20 km
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simulations, smaller scale features may still be unresolved. Our data suggests that this is
true, as wind speeds changed noticeably going from 120 km to 20 km. A way to further
investigate the impact of resolution on tracking storms would be to track only the most
extreme storms, in order to better understand where these storms might be changing. Our
results show mean intensity, which shows little change; however there may be larger changes
in the tracks of the strongest and weakest storms. Other studies have examined these
extremes, with many suggesting that there was a decrease in weak cyclone frequency in a
changing climate (Bengtsson et al., 2006). More variation is seen in the frequency of the
strongest storms with some studies suggesting an increase (Leckebusch et al., 2006) while
others suggest a decrease (Catto et al., 2011).
This study provides insight into possible changes in a changing climate for these
strong extratropical cyclones, but also raises many areas where future research would be
helpful. This is particularly true of the diabatic changes that take place in these cyclone
systems. As discussed, a warmer climate creates a moister atmosphere, which provides a
larger amount of latent heat release that could influence storm intensification. Our hypothesis
that the added moisture would intensify a system that already had strong diabatic
contributions (Xynthia) proved incorrect. An ensemble of Xynthia simulations that include
different parameterizations and initialization times may further support or refute the results of
this initial case study. In our simulations, the storm weakened in the future simulation, but it
was difficult to determine why this occurred. We hope to better understand the influence of
climate change on cyclone Xynthia through the ensemble results.
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It was discussed that the top 2% of storms showed larger changes than the 2%
threshold. This indicates it may be the stronger of the storms in the top 2% could be
intensifying. It would be interesting to look at some of the systems that comprise the top 2%.
A good starting point would be to investigate the strongest storms that occurred at similar
times in the current and future simulations for 2007 (Fig. 4.11) and 2009 (4.12). Unlike our
simulation of cyclone Xynthia, these storms strengthened in the future run. Looking at the
dynamics of these storms compared with the dynamics of Xynthia could help clarify some of
the features that are conducive to deepening cyclones in a future climate.
From this study, we determined that there was a bigger change in wind speed when
increasing horizontal resolution than with the projected changes from climate change. Using
the higher resolution seasonal simulations for the current and projected future climate, we
determined that many of the areas showed an increase in the strongest wind speeds with
climate change. In some areas, such as parts of the British Isles, these changes were quite
strong. The strongest storms in the future were also deeper in these simulations for majority
of Western Europe.

Examination of spatial and temporal information on these storms

indicates that many of the strongest storms may be different storms in the future simulations.
There are instances where the strongest storms seem to be the same system and the current
and future simulations, which with further research is expected to provide insight into the
dynamics that led to the strengthening. In other instances, such as our case study of cyclone
Xynthia, the cyclone weakened in the future. This is something that needs to be further
investigated to better understand why some storms intensify in the future while others do not.
We hypothesize that the differing results may be from the competing effects with climate
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change. Further examination of the effects of these changes will help us better understand
what features lead to strengthening storms, while other features lead to weakening.
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