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ABSTRACT

This article investigates the role of sea surface temperature (SST) as well
as the effects of evaporation and moisture convergence on the evolution of
cyclone Klaus, which occurred on January 23 and 24, 2009. To elucidate
the role of sea surface temperature (SST) and air—sea fluxes in the dy-
namics of the cyclone, ten hydrostatic mesoscale simulations were per-
formed by Bologna Limited Area Model (BOLAM). The first one was a
control experiment with European Centre for Medium-Range Weather
Forecasts (ECMWE) SST analysis. The nine following simulations are
sensitivity experiments where the SST are obtained by adding a constant
value by 1to 9 K to the ECMWF field. Results show that a warmer sea in-
creases the surface latent heat fluxes and the moisture convergence, fa-
voring the development of convection in the storm. Convection is affected
immediately by the increased SST. Later on, drop of mean sea level pres-
sure (MSLP) occurs together with increasing of surface winds. The cy-
clone trajectory is not sensitive to change in SST differently from MSLP

and convective precipitation.

1. Introduction

Windstorm Klaus occurred between January 23
and 24, 2009. When the storm landed on the coast of
Western Europe it caused heavy damage in France and
Spain [Liberato et al. 2011]. Analyzing the pressure
maps and satellite images we can see that it was simi-
lar to cyclone Lothar that has been the subject of sev-
eral papers [e.g. Wernli et al. 2002]. Klaus belongs to
the group of cyclones called meteorological bombs as
they deepen by at least 24 hPa in 24 h [Sanders and
Gyakum 1980]. Extra-tropical cyclones tend to develop
faster over the sea than over land [Sanders and Gyakum
1980, Ulbrich et al. 2009] and because of their rapid de-
velopment it is challenging to forecast correctly their
genesis and evolution [Sienkiewicz et al. 2004].

A possible influence of the upstream upper-level

baroclinic processes on the explosive cyclogenesis of
this kind of cyclones exists, as suggested by Uccellini
[1986] for instance. Most of the meteorological bombs
in the Atlantic Basin form just north of the Gulf Stream
[Sanders and Gyakum 1980, Roebber 1984], showing
the fundamental role of the sea surface temperature
(SST). Lambert [1996] found a positive correlation be-
tween the number of northern hemisphere Pacific “in-
tense” extra-tropical cyclones and SST gradients and a
weak correlation in the Atlantic region. A sea surface
with high temperature, beneath a cold atmosphere pro-
vides an abundant supply of heat and moisture that has
a significant effect on the cyclone development [Danard
1983, 1986]. The latent heat release associated with con-
densation of water vapour definitely plays an impor-
tant role through convection and/ or the moist baroclinic
processes [e.g. Davis and Emanuel 1991, Fantini 1991].
The impact of moist processes is not limited to cy-
clone thermodynamics but affects dynamics as well.
Kuo and Low Nam [1990] for instance found that la-
tent heat release can promote low level vorticity in
meteorological bombs.

There is a huge literature on the impact of SST on
tropical storms [e.g. Emanuel 2005], however the ef-
fects of SST on extra-tropical cyclones has been the ob-
ject of only a few case studies [e.g. Danard 1986,
Giordani and Caniaux 2001, Ren et al. 2004, Booth et
al. 2012, Ludwig et al. 2014]. Indirect assessment of SST
impact on extra-tropical cyclone intensity can be found
in a few climatological studies, where a moderate pos-
itive impact of SST on the number of intense storms is
found [Semmler et al. 2008a]. Climate change research
also assesses indirectly the role of SST, but the results
seem to be controversial. Semmler et al. [2008b] and
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Figure 1. ECMWEF analysis of MSLP (solid line) [hPa] and 10 m wind speed [m s'] (shaded) (a) and PV (solid line) at 300 hPa [PV unit], and

TCWYV (shaded) [kg m?] (b) at 00 UTC 23.

Leckebusch et al. [2006], for example, found a positive
increase in the number of extra-tropical cyclones in a
warmer climate, whereas the findings of Bengtsson et
al. [2006] found a reduced number of storms, especially
the weaker ones and no change in cyclone intensity.
However the number of intense cyclones in Semmler et
al. [2008b] in their control experiment is very small and
the increment observed in a warmer climate was not
so high as to be significant.

One of the motivations for this study was to un-
derstand how possible scenarios of warmer oceans
might modify the evolution and the strength of extra-
tropical storms. The Earth has already experienced a
warmer climate in the past. For instance, in a recent
data-model comparison for the early Eocene, Huber
and Caballero [2011] found that the best-fit model sim-
ulation had a global-mean sea surface temperature of
about 31°C, over 15°C warmer than today. In this
study the impact of sea surface temperature on the evo-
lution of cyclone Klaus is analyzed by means of nu-
merical simulations. Changes in surface heat fluxes and
moisture convergence will also be investigated in order
to evaluate their contribution to the storm’s evolution.
Although results presented here cannot be extended to
all cases, they may give us indications of the behavior
of meteorological bombs when an increase of SST is
taken into account.

The meteorological event together with a brief de-
scription of the model and the experimental design of
the simulations is presented in Section 2. The numeri-
cal results are discussed in Section 3. The conclusions
will be drawn in Section 4.

2. Synoptic description and experimental set up
The data used for the synoptic description are the

6 hourly 0.5° European Center for Medium Range

Weather Forecast (ECMWE) analyses; they were also

used for the initial and boundary conditions of the lim-
ited area model. The cyclone started as a perturbation
of a frontal line that extended from the Caribbean to
the British Isles. This perturbation can already be seen
at 00 UTC 23 (around 40° west, 40° south, Figure 1a).
Along the temperature front (not shown) high values
of total column water vapour (TCWYV) characterized
this long frontal line (Figure 1b). The genesis of the cy-
clone occurred immediately south of the region with
high 300 hPa potential vorticity (PV) values and no pre-
liminary upper level perturbation was present over the
cyclogenetic area (Figure 1b). However a strong cross
front shear was associated with the location of initial
cyclogenesis (not shown). Sinton and Mechoso [1984]
suggested that such shears may provide most of the en-
ergy in the development of shallow frontal cyclogene-
sis. Figure 2 shows the synoptic situation at 00 UTC 24
when the cyclone was over the Bay of Biscay (Figure
2a), the 10 m wind speed reached its maximum inten-
sity when the mean sea level pressure reached its min-
imum value. The cyclone moved along this frontal
region of high TCWV. The cyclone collected water
vapour (Figure 2b) during its path as indicated by the
cyclonic curvature of the TCWV. At that time, the cy-
clone was embedded in a region of high PV values (Fig-
ure 2b). The interaction between forcing from upper
levels, shown by high values of potential vorticity, and
the underlying cyclone might be one cause of the cy-
clone deepening, as suggested for instance by Wernli et
al. [2002] for cyclone Lothar or by Ludwig et al. [2014]
for storm Xynthia. However, the hypothesis of Wernli
et al. [2002] was not confirmed by Riviére et al. [2010]
with their sensitivity experiment on storm Lothar.
They showed that the absence of upper level perturba-
tion did not inhibit cyclone Lothar from turning into a
windstorm. The trajectory of Klaus occurred along the
boundary of the high PV region (Figure 2b). However,
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Figure 2. As Figure 1, but at 00 UTC 24.

as suggested by Dacre and Gray [2009] the development
of some storms are mainly “low-level” forced, thus, the
role of PV on meteorological bombs is not clear.

The trajectory of Klaus and the evolution of its
MSLP minimum over time, as retrieved by ECMWF
data, can be found in Liberato et al. [2011]. Moreover,
Liberato et al. [2011] showed that the MSLP between 00

UTC 23 and 00 UTC 24 dropped by 34 hPa. Decreasing
more than 24 hPa in 24 hours the cyclone can be classi-
fied as a meteorological bomb. The system made land-
fall in France during the early morning of the 24th.
After landfall the pressure increased and the strong
pressure gradients led to high winds in France and
Spain. Liberato et al. [2011] gives a complete picture of
the damage in those countries.

The simulations in this study was conducted by
using the numerical weather model BOLAM (Bologna
Limited Area Model) developed at the Institute for the
Study of Atmosphere and Climate of the Italian Na-
tional Research Council [e.g. Buzzi and Foschini 2000].

A control simulation (SST0) was performed fol-
lowed by nine other runs in which the SST was in-
creased from 1 K (SST1) to 9 K (SST9). Hereafter this
increment will be also referred to as an “anomaly”. Most
of these variations may seem too large and unrealistic
even in a warmer climate; however it is our intention to
explore how large the effects of such SST variations
might be on the development, in terms of MSLP and
wind speeds, of a meteorological bomb like Klaus.

The numerical simulations started at 00 UTC 23.
Six-hourly 0.5° ECMWF anayses were provided as ini-
tial and boundary conditions and the model was run in
hind-cast mode. The model domain was 320x162 grid
points with horizontal and vertical resolutions of 30 km
and 40 o-levels. Even though there was no interest in
analyzing the sensitivity of the simulations to the grid
resolution, the model was run at two different domains
and resolutions, the former with a domain covering
Western Europe with 15 km horizontal resolution and
the latter covering most of the North-Atlantic basin and
the Western Europe with 30 km horizontal resolution
(Figure 3). A realistic prediction of this cyclone was
only obtained once the initial perturbation was in the
domain, i.e. by using the second and larger domain.
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Figure 3. BOLAM domain.
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The smaller domain with a higher resolution (15 km),
but not containing the initial perturbation, gave a MSLP
minimum of 984 hPa, larger than the 974 hPa obtained
by the domain and horizontal resolution (30 km) used
in this paper. Since our domain is quite extensive, analy-
ses were performed on data of a limited region of
101x101 grid points that moved along with the cyclone.

3. Role of SST on storm evolution

In this section the simulated mean sea level pres-
sure, precipitation and wind speeds are compared as
functions of SST as well as the modeled surface latent
heat and moisture convergence. This comparison cov-
ers the first 36 hours of the storm evolution, until the
cyclone was over France.

3.1. Pressure, 10 m wind speed and precipitation: sensi-
tivity to SST

Figure 4 shows the mean sea level pressure at 00
UTC 24, for the control (§ST0) and SST9 experiments
over the Bay of Biscay, after 24 hours of simulation. The
simulated cyclone trajectories of the 10 experiments
(from SSTO to SST9) did not show significant differ-
ences, with the cyclone center all ending, at 00 UTC 24,
over the Bay of Biscay. This result is different, for ex-
ample, from that found by Giordani and Caniaux [2001]
where a significant change was observed in the trajec-
tory of another cyclone when compared to the control
simulation, in an experiment on warmer sea surfaces.

With warmer SST, a change in cyclone dynamics
and physics is expected. This change can be analyzed
using a few meteorological parameters. Figure 5 shows
the evolution of the MSLP minimum (Figure 5a) and
the ratio between convective and total precipitation (Fig-
ure 5b), computed in the 101101 grid points box that

05 24 Jan

Figure 4. MSLP [hPa] for control experiment SSTO (thin line) and
experiment SST9 (thick line) at 00 UTC 24, when the cyclone is over
the Bay of Biscay.
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Figure 5. Maximum of 10 m wind speed [m 5] (a) and ratio con-
vective/total precipitation (b) in a domain following Klaus during its
evolution as a function of SST anomaly.

moves with the cyclone. The minimum MSLP, at 00
UTC 24, simulated by BOLAM, in the control run, is 10
hPa higher than that retrieved by ECMWF analysis. This
might be due to the coarse resolution. However, the aim
of this paper is to study sensitivity to SST rather than to
provide a perfect simulation of the storm.

In the model, SST influenced the convective pre-
cipitation from the beginning (Figure 5b), whilst it
impacted on the MSLP only at a later stage in the simu-
lations (Figure 5a). The cyclogenesis was due to classic
baroclinic instability, but it is very likely that later on air-
sea-interaction processes played an important role in
deepening this meteorological bomb, as water vapour
triggered convective instability. This instability is en-
hanced with warmer SST. The relationship between
convection and cyclone deepening was noted, for ex-
ample, by Tracton [1973]. Gyakum and Barker’s re-
search [1988] on a meteorological bomb attributes the
phases of rapid deepening to convection. The relation-
ship between high convective precipitation and the de-
crease in MSLP of some extra-tropical cyclones might
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Figure 6. Minimum of MSLP [hPa] (a) and maximum of 10 m
wind speed [m 5] (b) over the Bay of Biscay as a function of SST
anomaly.

be related to the CISK [Danard 1983] or to a similar
mechanism like the moist quasi-geostrophic baroclinic
instability formulated by Mak [1982]. The intense latent-
heat released during the condensation of water vapour
in the convection may further induce cyclone deepen-
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ing. The deeper pressure minimum and the correspon-
ding increased pressure gradient favor a more intense
low-level wind speed and, consequently, sea surface
fluxes, inducing a positive feedback [Emanuel et al.
1994]. Thus, the warmer the sea surface, the more vig-
orous the feedback mechanism and the deeper the cy-
clone. Figure 5a shows that MSLP variation with SST is
not linear. During the first 12 hours the impact of SST
on the MSLP is not significant, but it becomes more im-
portant over time. When the temperature is larger than
5 K the MSLP drop increases significantly with the SST,
suggesting a non-linear effect due to water vapour as-
sociated with latent heat released by condensation of
water vapour during convection. In fact, the convective
precipitation, for anomalies of 5 K and above, is a sig-
nificant part of the total precipitation (Figure 5b). The
sea surface is the main source of the water vapour,
whose condensation within the cyclone provides the en-
ergy necessary to increase the intensity of the cyclone.
When the cyclone was over the Bay of Biscay, the
MSLP reached the minimum value, whereas over the
land the cyclone weakened. Figure 6 shows MSLP and
wind speed over the Bay of Biscay. The cyclone reached
its maximum intensity over the Bay of Biscay, between
00 UTC and 06 UTC 24 (Figure 6). In this case a fixed
box (2121 grid points) covering the Bay of Biscay was
used to obtain the values shown in Figure 6. Close to
French coastline the roughness difference between sea
and land increases the pressure gradient causing strong
winds. However wind speeds are higher with a warmer
sea because it favors cyclone deepening (Figure 6b).

3.2. Surface latent heat fluxes

Air-sea interaction has long been recognized as
one of the factors leading to explosive cyclones. The
oceans provide heat, through sensible and latent sur-
face heat fluxes, and water vapour through the evapo-
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Figure 7. Surface latent heat flux [W m?] at 12 UTC 23 for simulations SST0 (a) and SST9 (b). The sign X indicates the cyclone center, the

vertical line is for the cross section.
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ration and convergence of moisture. Evaporation is as-
sociated with positive surface latent heat flux, i.e. the
ocean provides energy to the atmosphere.

Figure 7 shows the surface latent heat flux for sim-
ulations SST0 and SST9 at 00 UTC 24. The surface la-
tent heat fluxes in the control simulation are weak
(Figure 7a) compared to the SST9 experiment (Figure
7b). With larger SST anomalies there are high values of
surface latent heat fluxes very close to the cyclone (Fig-
ure 7b), in fact two surface latent heat flux maxima are
obvious, one at the south-east, and the other just in the
wake of the cyclone in accordance with the results
found by Petterssen et al. [1962]. The larger the SST
anomalies, the higher the surface latent heat fluxes; an
unsurprising result, not only because of a warmer sea,
but also because of the deeper cyclone and higher wind
speed. The highest values of surface latent heat fluxes
close to the cyclone center reach about 1200 W m™ in
the SST9 experiment (Figure 7b), exceeding those of
the control simulation (Figure 7a). These values corre-
spond to about 1.7 mm h'! in terms of evaporation rate.
The surface latent heat fluxes are strong in the region
of the cold air outbreak behind the atmospheric front.
As we will see afterward 1.7 mm h'! is much less than
the contribution of the moisture convergence to the
water vapour.

Figures 8 for SST0 and 9 for SST9 show merid-
ional vertical cross sections along the vertical line in
Figure 7 at 00 UTC 24, showing: potential tempera-
ture and vertical velocity (omega) (panel a); wind
zonal component (panel b); wind meridional compo-
nent (panel c); and specific humidity (panel d). After
24 hours of simulation we observe how the adiabatic
flow follows the potential temperature contours that
come from the south towards the cyclone center. In
the SSTO simulation, a region of strong vertical ve-
locity is visible in the center of the cyclone (Figure 8a).
SST9 shows a warmer atmosphere because of the en-
ergy that oceans exchange with the atmosphere. More-
over, there are more updrafts in SST9, not only at the
center of the cyclone, but also in areas to the north
and south of the cyclone (Figure 9a). For the SST0 and
SST9 the potential temperature shows a cooling re-
gion just south of the main updraft, but in the SST9
this cooling is more marked, probably due to more
rainfall evaporation. SST0 wind components (Figures
8b and 8c¢) are stronger and gradients larger than SST9
winds (Figures 9b and 9¢). Convergent winds together
with moisture advection are favorable conditions for
convection. The specific humidity values in SST9 (Fig-
ure 9d) are larger and extend higher altitudes than
SSTO (Figure 8d).
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Figure 8. Vertical cross section along the meridional direction (see Figure 7) of potential temperature (solid line) [K] and vertical velocity
(omega) (dashdot line) [Pa 5] (a), wind zonal component (b) and wind meridional component (c) [m s''] and specific humidity [g kg''] (d) at

00 UTC 24 for the experiment SSTO.
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3.3. Moisture convergence

There are two mechanisms that provide humidity
in the atmospheric boundary layer: evaporation and
moisture convergence. Evaporation from the sea is re-
lated to the surface latent heat flux, as shown in the pre-
vious section.

Moisture convergence may be written as

Pbl

M= [ V'V}q%?

0

+k~V><%T=H+W (1

where the vector V.defined as the friction free wind in
the atmospheric boundary layer, Vpis computed by
means of the following formula:
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where k is the vector along the z direction. The sym-
bol V represents the divergence operator, q represents
the specific humidity, f represents the Coriolis parame-
ter and g represents gravity acceleration. The first term
H on the right-hand side of (1) represents vertically-in-
tegrated low-level moisture convergence. Integration
in the boundary layer is calculated using the pressure p
variable. The term W relates to the rotational term of
moisture convergence, where the vector T represents
surface stress. The moisture convergence measure unit
is kgm? s, It is easy to show that kg m™ is equivalent to

b SST9- 0024 Jan

Figure 10. The contribution of W [mm h™'] to the moisture convergence (Equation 1) at 00 UTC 24 for experiments SSTO (a) and SST9 (b).
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mm of water: multiplying and dividing by 3600, kg m? s’
transforms into mm h''. The use of mm h'! gives an im-
mediate insight into the effects of moisture conver-
gence on precipitation, although not all the moisture
transforms into precipitation.

The analysis of both terms W and H shows that the
term W is much larger than H. At 00 UTC 24 W is about
5 mm h! for the SSTO experiment, whereas it reaches
20 mm h! for SST9 (Figure 10). These values are much
larger than those obtained by evaporation (1.7 mm h'').
The term H is an order of magnitude less than W and it
has values of 1 mm h'! at few grid points and only for
SST8 and SST9. Once more vapour reaches the atmos-
phere it contributes to the diabatic processes that in
cyclones like Klaus play an important role. Fink et al.
[2012] found that, for the windstorm Klaus, the contri-
bution of diabatic heating to cyclone deepening was
larger than that of baroclinic instability.

4. Conclusions

In this paper, the sensitivity of cyclone Klaus to the
SST was studied by mean of limited area model initial-
ized by ECMWEF analysis. Ten simulations were per-
formed, the first one with ECMWF SST field (SST0
simulation) and nine other simulations using SST analy-
sis raised by 1 to 9 K. The modeled atmospheric pa-
rameters: precipitation, MSLP and contributions to
water vapour were compared. They showed very dif-
ferent behavior with respect to the SST. Increasing SST
leads to more evaporation, enhancing convection in the
cyclone. The surface latent heat fluxes, higher in SST9
than SST0, modify the boundary layer triggering an ef-
ficient mechanism for convective destabilization. The
latent heat released by condensation of water vapour,
during convective processes, has an effect on the drop in
MSLP. Moreover, whereas convection is immediately
influenced by SST and precipitation becomes more
convective in SST with higher temperatures, the drop
in MSLP is only affected by higher SST at a later stage.
It takes some time for SST to have a significant effect
on the MSLP (Figure 5a). The importance of SST on
extra-tropical storms has recently been demonstrated
by storm Xynthia [Ludwig et al. 2014]. Increasing SST
leads to more moisture in the atmosphere contributing
to increase the latent heat released by water vapour
condensation. The importance of diabatic processes on
storm development is recognized by several studies
[e.g. Fink et al. 2012, Ludwig et al. 2014]. High surface
latent heat fluxes, which increase with SST, are neces-
sary for the initial storm intensification, but the contri-
bution of evaporation is less than that of moisture
convergence; hence once the storm starts to produce
strong winds, these increase water vapour also through

moisture convergence. Thus, both evaporation and
moisture convergence play an important role in cyclone
intensification through diabatic processes, especially in
experiments with high SST anomalies.
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