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Abstract

A violent windstorm downstream of the mountain of OraefajtkuSE-Iceland is studied with the help of
observations from automatic weather stations and higblrsn simulations. In this windstorm, there is at
the same time a strong downslope acceleration of the flow hssvan acceleration at the edge of the moun-
tain. The downslope windstorm is associated with a low lstable layer and active wave breaking below
a reverse wind shear in the lower troposphere. The meso-ntpsg scale flow of the Freysnes windstorm
resembles the conditions during bora windstorms, but artlie bora, there is warm air at the surface. The
Freysnes windstorm is therefore suggested as a genericféeranwarm bora-type downslope windstorm.
The downslope wind speed is underestimated a few km dovamstcé the mountain, while the speed of the
surface flow in the corner wind coming from the edge of the nw@inrs successfully reproduced by the nu-
merical model. The method of Brasseur is applied for catmwdethe gusts, giving reasonably accurate gust
factors. The study indicates that a reverse vertical wiadsls a general characteristic of easterly windstorms
in Iceland. Consequently, mountain wave breaking may aésonbre frequent than in many other windy
places in the world.

Zusammenfassung

Ein sehr stiirmischer Fallwind hinter dem Berg von OreefdjdkiBudost-Island wird anhand von Beobach-
tungen von automatischen Wetterstationen und hochauflése8imulationen untersucht. In diesem Fall-
wind gibt es gleichzeitig eine starke Beschleunigung ddtsttidmung im Lee und an der Seite des Berges.
Die leeseitigen Extremwinde sind mit einer stabilen Scdhiclien unteren Niveaus und einer aktiven Schw-
erewelle verbunden, die unterhalb einer vertikalen negatVindscherung in der unteren Troposphére bricht.
Die mesoskalige und synoptische Stromung der Luft wahrexsd-leysnes Fallwinds &hnelt den Bedingun-
gen wahrend der Bora, aber anders als in der Bora findet sighaldirme Luft am Boden. Der Freysnes
Windsturm wird folglich als generelle Bezeichnung fur eimarme Version der Bora vorgeschlagen. Die
leeseitige Windgeschwindigkeit wird von unserem Modetlige Kilometer hinter dem Berg unterschatzt,
wahrend die bodennahe Windgeschwindigkeit der Luft, die Berg umstromt, erfolgreich durch das nu-
merische Modell reproduziert wird. Die Methode von Brassed fiir die Berechnung der Béen angewandt
und gibt eine recht genaue Bdoigkeit. Die Studie zeigt, dassmegative vertikale Windscherung eine allge-
meine Eigenschaft der dstlichen Fallwinde in Island istolgredessen wird erwartet, dass das Brechen von
Schwerewellen in der unteren Troposphare in Island haudigen vielen anderen stiirmischen Regionen auf
der Erde zu beobachten ist.

1 Introduction and the associated gravity wave activity as well as rea
cases of downslope winds in many parts of the worlc
Strong, localized windstorms immediately downstreahave been studied by many authors. The real flow case
of mountains have been investigated by numerous duelude the celebrated Boulder windstorms in westerly
thors. Such windstorms are generally associated witow in North-America (e.g. @YLE et al., 2000 and
vertically propagating gravity waves in the troposphereef. therein), downslope windstorms in southerly flow
Favourable large-scale flow conditions for the generia-the Alps (e.g. IANG and DoYyLE, 2004), the bora
tion of downslope windstorms include elements suafindstorms in northeasterly flow in Croatia M&H,
as strong low-level winds and strong static stability 4987; BeLUSIC and KLAIC, 2004; BELUSIC et al.,
low levels. A reverse vertical windshear as describ@®04 and ref. therein), windstorms in Norway in west-
in SMITH (1985) may contribute to a downslope winderly flow (e.g. DoYLE and SHAPIRO, 2000; GR@NAS
storm through trapping of wave energy, while a posand S\NDVIK , 1999; \INDVIK and HARSTVEIT, 2005)
tive vertical windshear may also act positively througnd Greenland windstorms in westerly flowd@®LE et
amplification of gravity waves (see review byuB- al., 2005; RRGNVALDSSON and Q.AFSSON, 2003) as
RAN, 1990). Idealised cases of downslope windstormagll as in easterly flow (OAFssoNand AGUSTSSON
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Figure 1: lllustration of Brasseur’s method of gust calculations. The
left term represents vertically averaged turbulence kinetic energ
(TKE) and the right hand term represents the vertically integrated
buoyancy.

most violent winds in Iceland are in many if not most
cases immediately downstream of mountains. There is
a very long list of structural damage and accidents that
can be associated with these windstorms. This was in-
deed the case in the Svinafell windstorm that hit the
Freysnes and Skaftafell area on 16 January 1962. Dur-
ing this windstorm, a stone of 250 g was blown over a
7 m high house and blowing stones made a large num
ber of holes in 0.7 mm thick roof-plates made of iron ~x
(SIGuRbSsONet al., 1963). Since 1999, a systematilg)
collection of meteorological data has taken place in the
mountainous Snaefellsnes peninsula in W-Iceland (The
Sneefellsnes Experiment — SNEX). Numerous down-
slope windstorms have been observed during SNEX and
two of them are documented inL@FssoNet al. (2002).
Both of the SNEX windstorms are associated with a
warm layer close to the mountain top level and one of
the two was a northerly windstorm with a reverse verti-
cal windshear.

On the morning of 16 September 2004 a violent
windstorm hit Freysnes, SE-Iceland. The windstorm was
quite well forecasted in the region by the operational
HRAS-system (QAFssoN et al., 2006), which at that
time ran the MM5 model (DDHIA, 1993; QRELL et
al., 1994) with a horizontal resolution of 9 km. Lo,
cally, the winds bepame however Stronger than the gure 2: a) mean sea level pressure (hPa). b) geopotential at 50
rect m_Odel output .'.ndlcaf[?d' ImmEdla_ter downStream-"a (m) and c) temperature at 850 hPa (K) on 16 September 20C
of the ice-covered Oraefajokul! mourjtaln (2110 m.a:s.) 6 yte. Provided by NOAA/CDC, based on NCEP/NCAR
structural damage occurred, including a hotel that Io%l(;malysi&
its roof. Here, the Freysnes windstorm is investigated
by numerical simulations and observations from two
nearby automatic weather stations. We employ the merformance of our modeling system to reproduce the
merical model MM5 and nest down to a horizontal resvind gusts and the mean winds at different horizonta
olution of 1 km. Gusts are estimated with the method oésolutions. The observations of the windstorm are fron
BRASSEUR(2001). The 3D structure of the flow leadindgskaftafell which is located about 5 km downstream of
to the downslope windstorm is explored as well as tliee foot of the mountain, and from Oraefi which is lo-
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a) b)

c) d)
Figure 3: Simulated surface flow and topography (in m) SE-Iceland on 16 Septed@04 at 06 UTC. a) surface wind speed (n)sat
a horizontal resolution of 9 km, b) surface wind speed () st a horizontal resolution of 3 km and c) surface wind speed(H at
a horizontal resolution of 1 km, d) gustfactors (calculated gusts divigesimulated mean wind speed), based on fields from the 1 km
horizontal resolution.
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a)

Figure 4: A cross section along the surface flow, across Oraefajokull
mountain and Freysnes. The figure shows potential temperature (K),
wind vectors and turbulence kinetic energy (J kg

cated to the south of the mountain, in the flow speed-up
at the mountain edge (corner wind). Structural damage
occurred at Freysnes which is located less than 2 km
from the foot of the mountain. The climatology of ob-
served downslope windstorms in the area is explored as
well as the general flow structure in easterly windstorms.

b)
2 The numerical calculations of the flow  Figure 5: Observations and simulations of mean wind and wind
and the gusts gusts at a) Skaftafell (approx. 5 km downstream of the foothills

of Oraefajokull mountain) and b) at Oraefi at the southern edge o
In this study, the MM5 system is used RELL et al., Oreefajokull mountain (Time in UTC).
1994; DUDHIA, 1993) to simulate the atmospheric flow.
The subgrid turbulence is parameterized using the ETA
scheme (ANJIC, 1990; 1994). The calculations employ
40 levels in the vertical, reaching from the surface of the
earth to about 100 hPa. The horizontal resolutions are
9, 3and 1 km. The 9-km and 3-km simulation domains
are centered over Iceland and they consist of 90 x 95 (9
km) and 148 x 148 (3 km) gridpoints. The 1-km domain
has 157 x 175 points and is centered over the southern
part of the Vatnajokull glacier. The initial and bound-
ary conditions are from the operational analyses of the
European Centre for Medium-Range Weather Forecasts
(ECMWEF). The gusts are calculated with the method of
BRASSEUR (2001). The method is based on the con-
cept that surface wind gusts are equal to the strongest
mean flow at a level (Zp), below which the vertically av-
eraged turbulence kinetic energy exceeds the vertically
integrated buoyancy. This method is illustrated in Fig. ilsigure 6: Observed and simulated maximum wind speed at
Th_e values of t_he parameters relevant for the Q_USt Cal%lﬁéftafell (downslope) and Oreefi (corner wind) at different hori-
lations are re,meve(_j from the 'nn,ermOSt domain (1 kn%ntal resolutions. The maximum simulated surface winds are als
of the MMS5 simulation. Brasseur’s method for gust cal, .n.
culations has been tested with some success in wind-
storms by MRDSTROM (2005), in complex terrain by
GOYETTE et al. (2003) and in bora downslope flow by
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Figure 7: Seasonal variability of observed windstorms in Skaftafell
(downslope) based on number of days with wind gusts greater
than 40 m s and the ECMWF reanalysis giving easterly (zonal)

eostrophic wind speed at 1000 hPa greater than 40'm s . . .
g P P g Figure 9: Annual number of cases with easterly (zonal) wind greater

than 40 m s? and greater than 35 n'$ over SE-Iceland. Based
on geostrophic winds at 1000 hPa in the ECMWF reanalysis 1958-
2002.

than 30 m s? and there is a directional and a reverse

(negative) vertical wind shear in the lower part of the

troposphere. Figure 3 reveals very strong winds ove

the Vatnajokull glacier and also locally over the low-

lands. There is a pronounced wind speed maximum im

mediately downstream of the highest mountain (Orzefa

jokull). This maximum does not extend far downstream.

There is also a local, but weaker maximum emanating

from the edge of the same mountain. This maximum (the

_ o corner wind) extends far downstream. The flow is decel-
Figure 8: Zonal geostrophic wind speed (m§ at 1000 hPa (x- gateq upstream of Oreefajokull. Figure 4 shows a cros
axis) anq at 500 hPa (y-axis) over SE-Iceland. Based on 12 houéléction along the surface flow, over C')raefajbkull, and
reanalysis from the ECMWF 1958-2002. through the area of maximum wind speed, which hap:
pens to be where Freysnes is located. The figure revea

BELUSIC and KLAIC (2004). To the knowledge of thevery strong mountain wave breaking between approxi

authors of this paper, the method has not before be®ately 800 and 550 hPa, a very stable layer at 750-80
tested explicitly in a corner wind. hPa and very little wave activity above 500 hPa. There

is strong turbulence associated with the wave breaking

3 The Freysnes downslope windstorm on At the surface, there is also a high concentration of tur
16 September 2004 bulence kinetic energy.

Figure 2 shows the mean sea level pressure, the geopo-Simulated and observed mean winds
tential height at 500 hPa and the temperature at 850 gnd gusts

hPa at the time when windgusts of more than 50Th s

were observed at the Skaftafell and Oreefi weather skagure 5 shows that the simulation underestimates th
tions (see Fig. 3d) for location of the stations). At thmaximum 10-min wind speed in the downslope flow
surface, the geostrophic winds are from the ESE, whi¢ Skaftafell by about 13 m~$, while in the corner
over land the surface winds are from the ENE or N&ind at Oreefi, the model reproduces the mean wind:
(Fig. 3). At 500 hPa, the flow is weaker (20-25 mis very well. The maximum gusts are underestimated by
and the wind direction is SSE. The temperature at 85pproximately 5-10 m < at Oreefi and a little more
hPa corresponds to the difference between the pressatr&kaftafell. The damage indicates that the winds wer:
fields at 1000 and 500 hPa; there is a sector of warm sironger at Freysnes than those observed at Skaftafe
stretching from Ireland towards S-Iceland. In the earlyhich is located approximately 4 km further down-
morning, the observed 2 m temperature at Skaftafell estream than Freysnes. The mean wind simulation suf
ceeded 13C which is about 5C above the seasonal avports this (Fig. 3c), and so do the gust calculations
erage. The geostrophic wind at the surface is greatenich indicate that the gusts at Freysnes may have bee
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almost twice the mean wind speed. As can be seenGn Discussion

Fig. 6, the highest horizontal resolution (1 km) gives

wind speeds that are in best agreement with obsenfde present case features spectacular breaking of
tions, both at Skaftafell and Oreefi. The maximum simiountain wave. The atmospheric conditions are partic
lated surface winds (34 nt$) are also greatest at 1 kmularly favourable for the creation of the wave; strong
horizontal resolution and the damage that occurredVéfids and a stable layer close to mountain top level. Th
Freysnes indicates that these winds are not being ovegnditions for breaking the wave at low levels are alsc
estimated by the model. A major characteristic of thfgvourable; a reverse vertical wind shear and a change |
windstorm is the gustiness which was observed bothvgind direction with height. The simulation and the ob-
Skaftafell and Oraefi. The calculated gust factor field g&rvations confirm that one can have a downslope winc
shown in Fig. 3d). It is characterized by relatively lovtorm and a strong corner wind at the same time. Ir
values over the ocean and over the Vatnajokull ice cdp¢t, the previously mentioned stable layer contributes
but high values in the vicinity of the mountains, parto both patterns. The climatological data indicates tha
ticularly on their downstream side. Upstream of Orastrong easterly windstorms do not occur unless there i
fajokull, the calculations also indicate a high gust fa@ reverse vertical windshear. To fulffill the thermal wind
tor. Over the ocean, as well as on the upstream sfgguation, such a windshear must be associated with
of the mountains, the gust factor may be somewHg-level north-south temperature gradient. The secto
overestimated, but there are no observations to verffy warm air is therefore closely related to the reverse
this. At Skaftafell, the gust factor is somewhat overegertical windshear making these two features of the flow
timated, while the calculations underestimate the gustimately linked to each other. The simultanous exis-
factor slightly in the corner wind at Orzefi (Fig. 5). Théence of a violent downslope wind, a strong corner wind
overall gust factor pattern is however quite realistic. and a zone with strongly decelerated air upstream of th
mountain is of interest. According to classical linear the-
ory (SMITH, 1989) and its extension into the non-linear
regime (e.g. ®ITH and GR@NAS, 1993; MRANDA
and AMES, 1992; Q AFssoNand BoUGEAULT, 1996;

?LAFSSON, 2000; FETERSENEt al., 2005 and others),

Regular wind observations have been carried out downslope windstorms, strong mountain waves and th
Skaftafell since 1995. As expected, the windstorms oc- b X g

cur only in winds from directions between north and e 9-called high-drag state are characteristics of flow witt

(not shown) and in winter (Fig. 7). The seasonal distri-c non-dimensional mountain height (Nh/U) close to

bution is similar as in the reanalysis from the ECMWIymty' For high values of Nh/U, the flow is strongly de-

Both have a maximum in mid-winter and a complete agglerated upstream and sfrong winds may occur at th

sence of windstorms during the summer. InterestingleoIges of the mountain, while waves are damped an

both datasets figure a secondary minimum in Februa q\':\rI]r:aSIorgiélr?tV\i: I;sgoi][lLi?:é;getagtr?r?rgﬁzl égmogj(ﬁt'og
Even though temperatures in Iceland are generally ti’ e rea?l flow, all these features may occur at I?he s):;m
low average during northeasterly winds, the mean 2- ' y

temperature at Skaftafell during the windstorms is€,3 Um?hg“ﬁmﬁgiﬁﬂ?a\ﬁiﬁ'icflinSt\;ngturgoo(; rerélgrvr\]/é n
above the seasonal average. From the ECMWF rean%{t— Y9 9

sis the vertical structure of the atmosphere during t eehsth:egtfﬁﬁéag8\?Vf1lsTotheefffvrvnaetrgvﬁgf?a(fgﬁfg’névehr'fs
windstorms can be derived. Figure 8 shows a scatter- P b

plot relating the geostrophic wind over SE-Iceland Ir{\na':theed.rn-r;liirtzilﬁboi ?ﬁ:%lé?’vent:li rgoveﬁ:éss,::;?nefj:';nn?
500 hPa to the geostrophic wind at 1000 hPa during b 9 P ’

period 1958-2002. The figure reveals that strong eadt o and perhaps more plausible explanation is that th

erly windstorms at 1000 hPa, represented by the poirrlr,ggdel is underestimating the horizontal extension of the
furthest to the left on the graph, are without exceptioW'ndStorm' In fact, DYLE et _al. (2.000) showed tha_t the
associated with a reverse vertical windshear, while |S ructu_re of the wave breakm_g fields an_d th(_a horlzo_n_ta
westerly windstorms (points furthest to the right on th%xtensmn of the downslope windstorms is quite sensitive

tP both numerical dissipation and advection as well a:

graph) there is very often only a little vertical windshear resentation of subgrid processes such as turbulen
and sometimes an increase in the zonal wind speed with gra p

height. According to the ECMWE reanalysis, there Qr eddy viscosity. The horizontal extension of downs-
) ' pe windstorms on the scale of the Freysnes windstorr

no clear trend in the frequency of strong easterly wind-! o ) .
storms in the southeast part of Iceland in the latter pg\ﬂl.l hopefully be dgalt W'Fh in connection with the on-
ing SNEX experiment in W-Iceland.

of the 20" century, but there is a substantial interannudl As in the bora flows, the wind gust estimate coin-

variability. (Fig. 9) cides with the maximum wind speed in the boundary
layer (BELUSIC and KLAIC, 2004), and an underesti-

5 Climatology of the downslope
windstorms
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mation of the maximum gusts in the downslope flowut can be associated with the tropospheric flow be
at Skaftafell is probably associated with the underesiitg more meridional in February than in other parts of
mation of the mean winds. The underestimation of thike winter season GNssonN 2002; 2003). In such a
strongest gusts in the corner wind (Oraefi) may be rdlew regime, a cyclone track into the Greenland sea is
lated to the maximum winds in the boundary layer beelatively common, giving high frequency of southerly
ing underestimated in a simulation where the slopes avandstorms, but relatively infrequent easterly and north-
inevitably a little more gentle than in reality. The rati@asterly windstorms.

of gust strength to the mean wind is a little too high .

but can be characterized as reasonably accurate in fheSUmmary and conclusions

downslope flow (Skaftafell). Itis in accordance with th@ violent windstorm in SE-Iceland, downstream of
study of AGUsTssonand QLAFSSON (2004), where (rzefajokull mountain has been investigated. The area |
relatively high gust factors are observed a short distanggown for violent downslope windstorms that on some
downstream from high mountains. The simulated valuggcations have led to damage of strong constructions
of the gust factor over the ocean and over the Vatnghis windstorm is named after the farm Freysnes, wher:
jokull glacier are as high as 1.2-1.5 which may be a littlg yoof blew off a big building on the morning of 16
high, but not unrealistic. The outcome of the gust calc&eptember 2004. The study has revealed a flow struc
lations are therefore encouraging for the application gfre characterized by a low level stable airmass and
the method of Brasseur in both corner winds and downgverse vertical windshear in the lower to middle tro-
lope windstorms. posphere, leading to the generation and breaking c
The climatology of the flows at low level and ajravity waves over the mountain. The surface flow is
500 hPa indicates that there is always a reverse veffhwever anomalously warm. These characteristics lea
cal windshear in the lower or middle troposphere during to suggesting that the Freysnes windstorm may b
easterly windstorms in SE-Iceland (Ug less than abqyded as a generic name for a warm version of the bor
35 m ). Good conditions for trapping and downwardyindstorms. This case features at the same time stron
reflection of wave energy can in other words often Rgswnslope and corner winds, underlining the fact tha
expected to be present. Such downward deflection @fple linear and even non-linear theories of uniform
wave energy has been associated with violent dowsgsws may indeed be very different from conditions in
lope winds at the surface. In this aspect, the eastefié real atmosphere. The study has revealed that stror
windstorms are fundamentally different from the wesfow-level flow below weaker flows is a fundamental fea-
erly windstorms, where the wind speed increases @frre of easterly windstorms in SE-Iceland. This can be
ten with height up towards the jetstream. The Freysnggpected to be the case for Iceland in general.
windstorm does indeed resemble the bora windstorms at the observation site, the magnitude of the down-
in the sense that there is a statically stable layer at l@yppe windstorm is somewhat underestimated by the nt
levels and a reverse vertical windshear in the lower trﬁTerical SimulationS, and we Suggest that this may be be
posphere. However, unlike the bora, the Freysnes wingse of a too rapid deceleration of the flow once it ha
storms are warm close to the surface. ~arrived in the lowland. The strong corner wind is very
The topography appears to play a double role in gefel| reproduced and so are the gust factors as calculate
erating the Freysnes windstorm. Itis clear from the nyy the method of Brasseur. When taking into account the
merical simulations that the observed violent winds aggerall flow pattern and the indirect wind observations
associated with the downslope flow and the corner jy the structural damage at Freysnes, the study is quit
fect of Oraefajokull. However, from Fig. 2 and 3 it issonclusive on the forecasting benefits that can be gaine

evident that the larger scale low level flow turns antrom simulating the atmospheric flow numerically with
clockwise as it meets the mountains of SE-Iceland. OV&rhorizontal resolution of up to at least 1 km, and by

the CoaSt, the winds are from the NE, while the 0ﬁ3h0®p|y|ng Brasseur’s method for gust forecasting_
geostrophic surface wind is from the ESE/SE. Thus, the

mountains of SE-Iceland contribute to a directional veAcknowledgements

tical windshear and presumably also to some speed—.Hp

of the low level flow, of which both encourage a previ;: 1S stud_y IS a part of th? HRAS an'd RAV projects
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