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ABSTRACT: Indices have been used as indicators of synoptic-scale flow strength, shear vorticity, flow direction and
static stability over Ireland and Britain. Changes in large-scale dynamic flow and static stability over the European region
are expected because of shifting climate patterns, and investigation of how these indices change in future runs of global
climate models allows us to estimate how this will affect storm frequency and intensity in the region. Analysis of frequency
distributions shows an increase in westerly flows and decreases in most other flow directions, indicating an increase in
rainfall for the region. The flow strength on days with strong winds increases in the future runs, as does the number of
gale days. The future runs show not only an overall increase in atmospheric stability but also significantly larger areas
with stronger instability during periods of extreme instability. Copyright © 2010 Royal Meteorological Society
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1. Introduction

Weather types or circulation patterns have been used
extensively to characterize the larger scale atmospheric
state into different classes for regional applications, from
analysis of trends in these classes to statistical modelling
of surface variables based on the classes. An analysis
of observed rainfall over Ireland (Sweeney and O’Hare,
1992) found distinct regional patterns of occurrence and
intensity of precipitation associated with different Lamb
weather types. A number of different approaches have
been taken to identify and define the classes, some
based on dynamics and some based on statistical analy-
ses. Subjective (Lamb, 1972) and objective (Jones et al.,
1993; Goodess and Palutikof, 1998; Trigo and DaCa-
mara, 2000) analyses of weather types have been based
on mean sea level pressure (MSLP) alone, and also
(James, 2007) on MSLP and geopotential height. Sin-
gular value decomposition (Santos et al., 2007), rotated
principal component analyses (PCA) (Kostopoulou and
Jones, 2007), empirical orthogonal function (Zorita and
von Storch, 1999) and classification and regression tree
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analyses (Zorita et al., 1995) of MSLP have been used.
Other approaches to characterizing the atmospheric state
prior to downscaling include using self-organizing maps
of u and v vectors, humidity and temperature (Hewitson
and Crane, 2006) and PCA (Wibig, 1999), correlation
map-based classification (Lund, 1963) and fuzzy rule-
based classifications (Bardossy et al., 2005) of geopoten-
tial height.

The aim of this study was to investigate projected
changes in weather patterns over Ireland due to climate
change, using flow and stability indices determined from
re-analysis and global climate model (GCM) fields from
20th century and future runs. The flow indices in question
were used in a companion study as predictor fields for
a statistical downscaling model of daily precipitation as
the indices were shown to be well correlated with rainfall
in the region (Hanafin et al., 2010). It is of interest
to also investigate projected changes in the indices
themselves in GCM runs, complementing storm tracking
studies (Semmler et al., 2008) by examining regional
changes in the parameters which provide the conditions
for heavy rainfall and severe storms to develop. Changes
in the North Atlantic storm track, for example, will
influence the frequency and intensity of frontal systems
in this particular area and should be apparent from the
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examination of the flow strength and direction over the
region.

The air flow indices used in this study as indicators
of the synoptic situation were the vorticity, direction and
strength of flow, calculated from MSLP fields following
the objective scheme of Jones et al. (1993). Atmospheric
stability indices, while well correlated with severe storm
activity (Schultz, 1989), and used in climatological stud-
ies of recent weather (DeRubertis, 2006), are not often
used in the analysis of GCM output. One such index
was investigated here, the Showalter index (SI) that is
used by weather forecasters for thunderstorm potential.
For thunderstorms to develop, there must be conditional
instability, a sufficiently deep moist layer in the lower
troposphere and uplift to initiate the convection. The SI
is calculated by lifting an air parcel dry-adiabatically
from 850 hPa to the lifting condensation level and then
moist-adiabatically to 500 hPa. The index is the differ-
ence between the final temperature of the air parcel and
its environment, and it is used by forecasters to estimate
the likelihood of thunderstorm development. As the SI
becomes more negative, it indicates increasingly unsta-
ble conditions, which are a prerequisite for convective
development. The SI scored very highly compared with
similar indices for its ability to forecast thunderstorm
versus non-thunderstorm days, severe versus non-severe
thunderstorms and the likelihood of hail, using a Heidke
skill score (Kunz, 2007).

Descriptions of the re-analysis and GCM used in this
work, along with the definition and description of the
flow and stability indices used are given in the following
section. A comparison of the frequency and intensity of
the indices calculated from the GCM control run with
those calculated from the ERA-40 re-analysis fields is
then outlined. This is followed by a comparison of the
indices calculated from the control and future GCM runs
and a discussion of the results.

2. Data and methods

The ERA-40 re-analysis (Uppala et al., 2005) was used
here to evaluate how well the GCMs can reproduce the
current climate. This re-analysis is produced using a
consistent T159 spectral model with 60 vertical levels
and a three-dimensional variational data assimilation
process over the period used here from 1961 to 2000.
A number of intercomparisons between the ERA-40
re-analysis and that produced by the National Center
for Environmental Protection/National Consortium for
Atmospheric Research (NCEP/NCAR) have been carried
out, some of which focus entirely on storm tracking
applications (Trigo, 2006; Wang et al., 2006; Raible
et al., 2008). As there is no study available which
definitively recommends one over the other, however,
the ERA-40 re-analysis was used here due to the higher
resolution fields available (1.125° x 1.125° compared to
2.5° x 2.5° for NCEP/NCAR).

The GCM used was European Centre Hamburg
(ECHAM)S, in the configuration used for the IPCC

Copyright © 2010 Royal Meteorological Society

Fourth Assessment Report (IPCC, 2007) experiments.
This model was developed at the Max Planck Institute
(MPI), Germany and has 31 vertical levels, a horizontal
resolution of 1.9° x 1.9° (Roeckner et al., 2003) and is
coupled to the MPI ocean model with a 1.5° x 1.5° hor-
izontal resolution and 40 vertical levels (Marsland et al.,
2003). An evaluation of the models used in the Inter-
governmental Panel for Climate Change (IPCC) FAR
(van Ulden and van Oldenborgh, 2006) found that the
ECHAMS model was one of the better performing mod-
els for both global and European MSLP fields when
compared with the ERA-40 re-analysis. For this study,
air flow indices were calculated from daily MSLP fields
over the region 40 to 65°N and 30°W to 15°E and sta-
bility indices were calculated from the available 500 hPa
temperature, 500 hPa relative humidity and 850 hPa tem-
perature fields over the control run. This is referred to as
the 20C run, in which the model is run with observed
20th century emissions until 2000 and then with con-
centrations fixed until 2100 to determine the level of
committed climate change. The control period was from
1961 to 2000 and the domain used for both ERA-40 and
ECHAMS was 45 to 65°N and 20°W to 15°E.

The IPCC has defined standard greenhouse gas emis-
sion scenarios for use in the examination of projected
climate changes based on various socioeconomic, tech-
nological and energy use factors. Two scenarios were
used for the projections presented here, the SRA1B and
the SRA2. The SRAIB scenario describes a world in
which emissions are relatively high until the 2050 s and
then begin to decrease, so that greenhouse gas (GHG)
emissions in 2100 are only slightly higher than the 2020
levels. In the SRA2 scenario, emissions continue to rise
until 2100. The future period was from 2061 to 2100.

The air flow indices were determined using the method
described by Jones ef al. (1993). A shear vorticity index
(V), a flow strength index (F) and a flow direction index
(D) were determined from the MSLP field of the ERA40
re-analysis and that of the ECHAMS output for different
scenarios. These are synoptic-scale indices, calculated
from the MSLP field from 45 to 65°N and 20°W to
10°E so centred over Ireland and Britain, and including
a portion of the north-eastern Atlantic and the north-
western European continent. The indices are calculated
using finite differences of the MSLP field between a
set of grid points, the reader is referred to Jones et al.
(1993) for complete details. The flow strength index has
units of hPa per 10° latitude at 55°N, which is equivalent
to 2.2 km/h. The shear vorticity index also has units of
hPa per 10° latitude at 55°N, and is simply an indicator
of cyclonic (Z > 0) or anti-cyclonic (Z < 0) flow over
the region. Additionally, a gale index (G) was calculated
from the vorticity and flow strength indices, where G =
(V2 4+ (0.5F)*)!/2 and gale days were defined as days
when G > 30. This index was developed as an objective
definition of the frequency of occurrence of gale force
winds and calibrated using 10 years of observations of
monthly gale frequencies in this region (Jenkinson and
Collins, 1977).
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Table I. SI category thresholds.

SI Category Stability
—2<SI<1 1 Marginal instability
—3<SI< -2 2 Moderate instability
—6<SI< -3 3 Large instability
SI < —6 4 Extreme instability

The SI thresholds used in the different categories
are given in Table I, with an indication of how stable
each category is. The SI was calculated for the daily
mean temperature and humidity fields from ERA-40
and ECHAMS 20C from 1961 to 2000 and from the
ECHAMS A1B and A2 scenario runs for 2061-2100
over the domain. This index is well correlated with severe
storms (DeRubertis, 2006; Kunz, 2007), and was found
to be the best indicator of pre-convective activity at
different latitudes (Sanchez er al., 2009). A less stable
atmosphere will increase the probability of more frequent
and more intense storms occurring in the future. It is
not, however, a perfect indicator of significant convective
activity: it does not perform well when a dry layer is
present at 850 hPa; and while it is a necessary condition
for thunderstorm development, some source of uplift is
also required. The latter requirement poses difficulties
for most atmospheric stability indices. Using daily mean
fields will result in an underestimate of the frequency
of systems passing through the region compared to an
analysis of 6- or 12-hourly values. However, the same
analysis is applied to the re-analysis and to the GCM data,
so the comparison of current with future climate scenarios
is consistent within the study, the aim of which was
to estimate how regional atmospheric stability changes
within the climate model.

3. Results

3.1. Comparison of ECHAM-5 and ERA-40
3.1.1. Air flow indices

While studies have shown that ECHAMS is one of
the better GCMs at reproducing MSLP fields, how the
GCM reproduces the frequency distribution of the air
flow indices is of interest here. Figure 1 shows the
frequency distribution of synoptic-scale (a) flow direc-
tion, (b) vorticity and (c) flow strength calculated from
ERA40 and 20C ECHAMS5 MSLP fields. While the
comparison is good in general, the GCM has more
instances of southerly/southwesterly flow and fewer of
easterly/northeasterly. Table II shows that the differences
for flow direction bins of 45° are less than 1%, apart from
the southwesterly flows. The GCM tends also towards
more positive vorticity (cyclonic flows) and higher flow
strengths.

A similar analysis was carried out for each season.
December—January—February and September—October—
November (not shown) flow direction and strength com-
pare extremely well for the two datasets, with better
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Figure 1. Frequency distribution of air flow indices: (a) direction,
(b) vorticity and (c) strength, calculated from ERA-40 (solid line) and
ECHAM-5 20C run over the control period (1961-2000).

Table II. Frequency of occurrence of days with flow direction
in the bins used in this study for ERA-40 and ECHAM-5.

Flow direction Flow Percentage occurrence,
(degrees from North) direction 1961-2000
ERA-40 EC5-20C
67.5-112.5 E 5.82 4.82
337.5-360; 0-22.5 N 8.62 7.74
22.5-67.5 NE 5.59 4.72
292.5-337.5 NwW 14.11 13.54
157.5-202.5 S 13.24 14.21
112.5-157.5 SE 8.30 7.55
202.5-247.5 Sw 20.60 23.83
247.5-292.5 W 23.73 23.60

See also Figure 1(a).

than 1% agreement for most bins. The largest differences
in flow direction frequencies are in June—July—August
(Figure 2), where the ECHAMS overestimates southerly
to southwesterly flows by 4—5% and consistently under-
estimates flow directions <200°. Vorticity tends to be
more cyclonic for all seasons in ECHAMS.

3.1.2. Stability index

To investigate how atmospheric stability may change
in the future, a number of metrics were used. The

Int. J. Climatol. (2010)
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Figure 2. As Figure 1, for June—August only.

20C ECHAMS run was compared with the ERA-40
to evaluate how well the GCM can reproduce the SI.
First, the mean SI was calculated over all gridpoints
(Figure 3(a)) and then over all gridpoints falling into
category 4, which represents the extremely unstable cases
(Figure 3(b)). The GCM underestimates the stability
index on average, i.e. predicts less stable conditions
than ERA-40. It does a very good job of reproducing
the extreme instability values, however, as shown in
Figure 3(b). There are only 3 years which have no values
in category 4 for ERA-40, but 12 for ECHAMS in this
40-year period, so while the model reproduces the values,
it underestimates the frequency of these events.

To evaluate the spatial extent and frequency of occur-
rence of stable and unstable gridpoints, two further met-
rics were investigated and shown in Figure 4. The mean
percentage coverage is the mean percentage of all grid-
points which fall into categories 1—4, calculated over the
days on which there is at least one gridpoint in the cat-
egory. This gives an indication of the spatial extent of
stable and potentially unstable regions, unaffected by any
frequency biases. Figure 4(b) shows the number of days
per year when at least one gridpoint in the region fell
into each category, giving an indication of how frequently
unstable conditions occur. The GCM underestimates both
the spatial extent and the frequency of unstable conditions
(categories 2—4).

Copyright © 2010 Royal Meteorological Society

3.2. Comparison of ECHAM-5 scenario runs and
control run

3.2.1. Air flow indices

When comparing the frequency distributions of the
AlIB and A2 scenarios with the 20C ECHAMS run
(Figure 5), some trends are apparent. First, the frequency
of northerly, easterly and southerly flows is reduced in
the future runs, whereas that of southwesterly and west-
erly flows has increased. The vorticity index shows an
increase in anti-cyclonic flows at the expense of cyclonic
flows. Flow strength is reduced slightly for the weaker
flows but it is increased for the stronger flows. Sea-
sonal analysis shows similar changes for all seasons,
except for June—July—August vorticity, which shows a
significant trend towards higher values, both positive and
negative.

3.2.2. Stability index

Figures 6 and 7 show the same metrics as Figures 3 and
4, but now for the 2061-2100 period under the A1B and
A2 scenarios. The mean SI falls within that of the ERA-
40 and the ECHAMS 20C mean (upper and lower lines
in Figure3(a), respectively), showing that atmospheric
stability has increased in the future runs compared to the
control run. The mean extreme values are larger for both
of these runs, however, with more variability and more
frequent large negative (<—7) values. Figure 7 shows
that both the spatial extent and frequency of the unstable
categories 2—4 which were underestimated in the 20C
run, increase in the scenario runs and are comparable to
the ERA-40 control values.

Table III shows the increase in the 40-year mean values
from the 20C run to the scenario runs. While the mean
SI shows an increase of only 6—8%, the mean category
4 SI shows increases of 52—54%. The spatial extent of
large instability category 3 has increased by 109-138%,
and that of category 4 has increased by 233—-357%. The
frequencies have increased by 62-78% for category 3
and 146-274% for category 4. These results indicate that
extremely unstable atmospheric conditions are likely to
occur more often, have larger spatial extent and be more
unstable than that in the current climate, even though the
overall stability has increased.

4. Summary and discussion

Changes in prevailing air flows may be one result of
changes in the temperature gradient between the equator
and the poles due to global warming. A study of the
frequency and intensity of storm tracks in the northern
and southern hemisphere in ECHAMS AIB scenario
compared to the 20C run found a reduction in the
number of extratropical storms in winter by 4-6% in
both hemispheres, with a decrease of 3% in the more
intense storms (Bengtsson et al., 2006). The storm tracks
were found to move poleward in both hemispheres,
however, resulting in an increase in both the frequency

Int. J. Climatol. (2010)
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Figure 3. (a) Mean SI for ERA-40 (solid) and ECHAM-5 20C (dashed) control run for all gridpoints. (b) Mean SI for category 4 gridpoints
from ECHAM-5 (boxes) and ERA-40 (asterisks).
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Figure 4. (a) Percentage of all gridpoints falling into SI categories 1-4, category 1 and categories 2—3; (b) mean number of days per year having
any gridpoint in categories 1-4 for ERA-40 (solid) and ECHAM-5 20C run (dashed).

and intensity of storms over Ireland and Britain and to the summer, bringing the storm track over the Atlantic
the north and west for most of the year and a decrease to the northwest of Ireland. Again, although hemispheric
in the Mediterranean. A larger poleward shift occurs in differences in storm intensity were small, the northeast

Copyright © 2010 Royal Meteorological Society Int. J. Climatol. (2010)
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(a) direction, (b) vorticity and (c) strength, of the A1B (solid) and A2
(dashed) scenarios to the 20C control run.

Atlantic region showed a marked increase in the more
intense storms in the 21C.

This study used air indices to investigate expected
trends in synoptic flows and atmospheric stability over

10 T

northwest Europe. Calculation of these indices is
straightforward and requires a very limited number of
GCM fields, so they are ideal for multi-model ensemble
applications. Previous studies have found good correla-
tion between these indices and surface conditions in this
region, particularly with respect to rainfall (Jenkinson
and Collins, 1977; Sweeney and O’Hare, 1992; Conway
et al., 1996; Turnpenny et al., 2002).

It has been shown here that the frequency of westerly
flows is projected to increase in future runs of the
ECHAMS model. For Ireland, these flows are associated
with precipitation from the moist airmasses coming
over the Atlantic. The frequency of drier easterly flows
decreases in the future runs. The frequency of stronger air
flow increases, so the probability of strong winds which
are capable of causing damage increases. This is evident
from increases in the number of gale days, the number
of days with strong flow and the mean flow strength on
days with strong flow (Table IV).

The SI is a measure of the local static stability,
very useful for determining areas of extreme instabil-
ity necessary for thunderstorm development. The GCM
used in this study projects that the atmosphere will
become more stable in the future, but extreme values
will become more frequent. Both the spatial extent and
the magnitude of extreme instabilities increase dramat-
ically between control and future GCM runs in this
analysis.
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