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Summary

Wind gusts are calculated in a collection of simulated
atmospheric flows in complex terrain. This study focuses on
a region in West-Iceland during February to April 2007
which includes several windstorms. The atmospheric data is
a subset in a large collection of realtime numerical simu-
lations used for forecasting in Iceland. It is generated at
horizontal resolutions of 9 and 3 km, and in two sensitiv-
ity tests at 1 km. The gust prediction method is based on
turbulence kinetic energy, static stability and wind speed
in the atmospheric boundary layer. The gust prediction
method is implemented as post-processing. The calculated
gust strength is compared with wind gust observations
from several automatic weather stations. The estimated
gusts are strongly dependent on the quality of the simulated
flow and are on average well captured when the mean winds
are correctly simulated. Maximum gusts in downslope
windstorms are however frequently underestimated. The
error is presumably related to an inadequate simulation of
the downslope surface winds which are also too weak. The
windstorms in the current study appear to be related to
gravity wave activity aloft and are better reproduced at
higher resolutions than at coarse resolution. There are cases
of overestimated gusts on the upstream side of mountains,
which may be related to an inadequate simulation of the
upstream deceleration of the flow and overestimated surface
winds. Gustiness in mountain wakes is frequently too great,

which appears to be related to overestimated turbulence in
the wakes.

1. Introduction

The strongest winds in severe windstorms are
related to fluctuations in the wind speed at peri-
ods as short as a few seconds. These fluctuations
are known as wind gusts and are often described
with the ratio of the instantaneous wind speed
to the 10 minute mean wind speed. This ratio
is typically 1.2–1.6 at 10 m above ground in rel-
atively weak winds (e.g. Mitsuta and Tsukamoto
1989; Ágústsson and �OOlafsson 2004) but fre-
quently exceeds 2 in extreme windstorms in
complex terrain, as is documented in e.g. Durran
(1990), Grønås and Sandvik (1999), �OOlafsson et al.
(2002b). The gustiness is a manifestation of atmo-
spheric turbulence which is primarily found in the
atmospheric boundary layer (BL), but may also be
found aloft, e.g. near upper level jets where it may
be a danger to aircrafts. The turbulent motion is
driven by strong vertical wind shear and=or low
static stability. Readers are refered to Stull (1988)
for an overview of turbulence in the BL. Of im-
portance for this study is the turbulence created
in atmospheric flow in and above complex terrain.

Correspondence: Hálfdán Ágústsson, Reiknistofa ı́ veðurfr�ði,

Orkugarði, Grensásvegi 9, 108 Reykjavı́k, Iceland (E-mail:

halfdana@hi.is)



There is in fact strong evidence indicating that ma-
jor gust events may be related to turbulence aloft,
created by local convective instability in regions
where gravity (buoancy) waves break (e.g. Clark
and Farley 1984) or in regions of high wind shear,
i.e. Kelvin-Helmholtz instability, as suggested by
Peltier and Scinocca (1990), Afansyev and Peltier
(1998) and more recently by e.g. Belu�ssi�cc et al.
(2007). Such extreme weather events in Iceland
have previously been documented by �OOlafsson
and Ágústsson (2007) and Ágústsson and �OOlafsson
(2007) and in other parts of the world such as in
Croatia by Belu�ssi�cc et al. (e.g. 2007) (and refer-
ences therein) and in Norway by Grønås and
Sandvik (1999) The Boulder windstorms (e.g.
Clark et al. 1994) are probably the best known
downslope windstorms. The maximum wind gusts
can easily exceed 50 m=s during these events,
which is nearly twice the mean wind speed
(Durran 1990).

As wind gusts are the main threat during se-
vere windstorms, an increased understanding of
wind gusts and their relation to atmospheric tur-
bulence is of great importance, both for op-
erational forecasting of gusts and for estimating
the local wind climate, i.e. finding locations
and describing situations with the potential for
strong gustiness and extreme winds. Several gust
prediction systems have been devised, some
which use statistical methods (e.g. Weggel
1999; Jungo et al. 2002; Ágústsson and �OOlafsson
2004). Other methods use similarity-theory (e.g.
Nielsen and Petersen 2001), while still others are
based on a physical model of the formation of
gusts. Even though such methods may initially
not perform better than e.g. statistical methods,
they may help improve the understanding of the
mechanisms of gust formation and consequently
improve the method itself. One such method,
which is based on the parameterization of turbu-
lence and atmospheric stability in numerical
models, is the method of Brasseur (2001). The
method has previously been applied in both the
complex terrain in Switzerland and the relatively
flat topography of Belgium, where the method
was found to perform well (Goyette et al. 2003).
Belu�ssi�cc and Klai�cc (2004) showed that the method
successfully reproduced the strong wind gusts
in a bura flow in Croatia while �OOlafsson and
Ágústsson (2007) successfully applied the meth-
od in a corner wind and a downslope windstorm

in Southeast-Iceland, which they referred to as a
‘‘warm bora’’.

Currently, wind gusts have been estimated in a
large collection of dynamically downscaled flow
over Iceland. For clarity, this study focuses on a
chosen period in the Sn�fellsnes peninsula in
West-Iceland. The peninsula has an east-west ori-
entation and a mean width of approx. 15 km. It is
characterized by complex terrain, and the aver-
age mountain height is approx. 800 m while the
Sn�fellsj€ookull glacier at the tip of the peninsula
has an elevation of 1446 m. Severe windstorms
with gusts in excess of 40 m=s are frequently
reported in the region and have for example
been documented in the Sn�fellsnes experiment
(SNEX, �OOlafsson et al. 2002a, b). Observations
from automatic weather stations in complex ter-
rain are used to investigate the performance of
the method, e.g. the strength and the temporal
correlation of the predicted gusts. The next sec-
tion discusses the methodology applied in the
study, including a description of the simulations
of the atmospheric flow, the gust prediction meth-
od and the observational data. Section 3 shows
some of the results of the gust prediction and
compares them to the available observations.
The discussion of the most significant results is
given in Sect. 4, while the last section includes a
summary and concluding remarks.

2. Methodology

2.1 The atmospheric flows

Here, wind gusts are predicted in a subset of a
large collection of simulated flow over Iceland.
The flow is dynamically downscaled with the
mesoscale atmospheric model, MM5 (Grell et al.
1995), which solves the fully compressible non-
hydrostatic set of governing equations. The
atmospheric data is a part of the ongoing HRAS-
project (�OOlafsson et al. 2006) for high-resolution,
realtime simulation of weather in Iceland, which
is used in operational forecasting, e.g. at
Veðurstofa �IIslands (V�II).1 Previous studies of
weather which is represented in this collection
include, e.g. Ágústsson et al. (2007), �OOlafsson
(2004) as well as other references in (�OOlafsson
et al. 2006).

1 Icelandic Meteorological Office
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The atmospheric model is initialized and forced
at its boundaries with the operational analysis and
forecasts from the European Centre for Medium-
Range Weather Forecasts (ECMWF). The model
is run with a horizontal resolution of 9 and 3 km,
with respectively 90� 95 and 148� 196 grid-
points in the 1-way nested domains. The domains
operate simultaneously and the outer domain
defines the boundary and initial conditions for
the inner domain. The vertical grid uses forty
�-layers. These are terrain following at lower
levels but gradually flatten towards the top of
the model at 10 hPa. Individual weather events
and selected regions have also been simulated
at a resolution of 1 km, as is the case here for
two sensitivity tests (see Fig. 1 for the location
of the domains). The two tests use either the pre-
viously mentioned 40 �-layers or 50 layers with
double the vertical resolution in the lower part
of the troposphere.

The relevant parameterization are the moisture
scheme of Reisner et al. (1998) which includes
cloud and rain water, as well as simple and mixed
ice phases. The ETA scheme (Janji�cc 1990, 1994)
is used for boundary-layer parameterizations, as
it gives the turbulent kinetic energy which is nec-
essary for the gust prediction. Further informa-
tion on the setup of the atmospheric model is
found in �OOlafsson et al. (2006) while model spe-
cifics are discussed in extensive detail in Grell
et al. (1995).

2.2 The gust prediction

Most mesoscale models give wind-information
that can be interpreted as a mean wind, averaged
over a few minutes, while estimates of wind
gusts are not readily available. In fact, even at
high spatial and temporal resolution, an atmo-
spheric model may not reproduce the observed
variability in windspeed (Árnason et al. 2005).
The poor model performance at high frequen-
cies is expected but there are no clear indica-
tions why the models can not capture some of
the variability at lower frequencies. The models
do however contain information that may be
used to estimate the surface gusts, i.e. the sur-
face type and the associated roughness length,
the topography and the vertical structure of
wind, turbulence and stability in the boundary
layer (BL). One such method is the method of
Brasseur (2001) where it is proposed that strong
surface gusts may be created by turbulent eddies
that deflect air parcels flowing aloft in the BL
down to the surface. Due to the general increase
of wind speed with height and the short time
span surface friction acts to decelerate the air
parcels, they will be observed as a gusty wind
at the surface. Here, the turbulent kinetic energy
(TKE) is of primary importance for the creation
of wind gusts and may be obtained from numeri-
cal models. The positive atmospheric stability
(buoyancy forces) opposes the vertical deflection

Fig. 1. The numerical domains with a horizontal resolution of 3 and 1 km, as well as locations of chosen
weather stations and the location of section A (cf. Fig. 10) across the Sn�fellsnes peninsula. Terrain contours
with an interval of 200 m
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of air parcels. The method is mathematically
expressed as

1
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where zp, EðzÞ, �v and ��v are respectively the
height of the parcel, the TKE, the virtual poten-
tial temperature and its variation for the parcel
when deflected to the surface. The estimated wind
gust, fg, is chosen as the maximum wind speed of
all parcels which satisfy (1) in the BL but since
turbulence is generally weak above the BL, air
parcels originating there are not expected to be
able to reach the surface of the earth. Here, we
define the top of the BL as the height where the
TKE is first reduced below 1% of its maximum
below. Also, while not discussed specifically in
this particular study, Brasseur (2001) argues that
the method can give a bounding interval for the
estimated gusts. The upper bound, fg;max, is taken
as the maximum wind speed in the BL. The low-
er bound, fg;min is found by using the local turbu-
lence derived from only the vertical variance of
the wind, as opposed to the mean TKE in the left-
hand side of (1). An in depth explanation of the
method is given by Brasseur (2001), Brasseur
et al. (2002).

The gust prediction method is implemented as
post-processing within the IDL-environment, in-
to which the simulated MM5-data is imported
using the MM5IDL-package2. Work is currently
under way to implement the method directly as a
part of the current BL-scheme, as well as its coun-
terpart in the newer WRF-model (Skamarock et al.
2005).

2.3 Observations

The current study uses data from automatic weath-
er stations which belong to V�II and Vegagerðin
(Vg)3. The station locations in the region of in-
terest are shown in Fig. 1. Observations include
the 10-minute mean wind speed and direction, as
well as the 3-second maximum wind gusts. In
some cases, high frequency (0.5 and 1.0 Hz) ob-
servations are also available. The wind is ob-
served at either 10 m or approx. 7 m above the
ground. The difference in observation heights is

not expected to be important due to the non-local
nature of the wind gusts.

The data is stored and checked for errors at V�II,
except a part of the high frequency observations
which is stored at Reiknistofa ı́ veðurfr�ði (ReV)4.

The chosen period from 14 February to 14
April 2007 is characterized by several northerly
windstorms in the Sn�fellsnes peninsula with
observed mean winds exceeding 30 m=s and
gusts as great as 50 m=s, and a couple of some-
what weaker southerly wind events with gusts ex-
ceeding 40 m=s. There are periods of far weaker
winds in between the windstorms. During the
windstorms, the upstream winds are much weaker
than the downslope winds. Observations from
Hraunsmúli (Fig. 2) show one such downslope
windstorm on the evening of 5 March 2007. The
extreme wind speed and the strong temporal vari-
ability of the wind speed are evident, and reminis-
cent of the observations of bora gusts presented in
Belu�ssi�cc et al. (2004).

3. The wind gusts

3.1 Gust estimates from 14 February
to 14 April 2007

Figures 3 and 4 compare the observed and pre-
dicted gust strength during a period of two months,
at Bláfeldur on the southern side of the peninsula

Fig. 2. Wind speed [m=s] during the evening of
5 March 2007 at Hraunsmúli with a sampling period
of 0.5 Hz, as well as 1 and 10-minute, and hourly
mean value

2 http:==os.is=�or=mm5id1
3 The Public Roads Authority 4 Institute for Meteorological Research
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and at Grundarfj€oorður on its northern side. It is
apparent that on average, the predicted gusts cor-
relate well with the observed gusts at both sta-
tions. The temporal behaviour is well captured
with a linear correlation index of approx. 0.8
which indicates considerably good correlation
as 0 and 1 signify, respectively no and perfect
correlation (the Pearson method gives a single
valued measure of how the observed and estimat-
ed gusts are associated (e.g. Wilks 2006)). The
greatest errors are at the downslope locations in
northerly and southerly flow, when the flow is
nearly perpendicular to the peninsula. At these
times, the winds are generally strong and gusty.
The strongest winds are observed at Bláfeldur

(southern side) on 5–6 March, during a severe
northerly windstorm and a somewhat weaker
windstorm is observed at Grundarfj€oorður (north-
ern side) on 20 March. During these events,
winds are far weaker on the upstream side and
the gust prediction is in general more accurate on
the upstream side than on the downslope side.
Similar results are seen at other stations in the
peninsula, both on the upstream and downslope
side. Gusts at other locations, e.g. inland in the
mountains, are on average well captured (not
shown).

We now look more closely into the perfor-
mance of the gust prediction method during the
windstorms on 5–6 and 20 March.

Fig. 3. Hourly values of observed and simulated wind gusts fg [m=s] and wind direction d [�], in a 3 km grid, at the
Bláfeldur station from 14 February to 14 April 2007. The 21 and 24 hour forecast times are used

Fig. 4. Hourly values of observed and simulated wind gusts fg [m=s] and wind direction d [�], in a 3 km grid, at the
Grundarfj€oorður station from 14 February to 14 April 2007. The 21 and 24 hour forecast times are used
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3.2 The northerly windstorm on 5–6 March 2007

On the evening of 5 March, a surface low was
located south of Iceland (Fig. 5). There was a
high over Greenland and a strong E–W pressure
gradient over western Iceland and the Denmark
strait, causing strong northeasterly winds. Aloft,

there was a relatively flat and broad depression
and consequently relatively little veering of the
wind with height but a significant reverse wind
shear with the strongest winds near mountain top
level.

The predicted gusts (Figs. 6b and 7c, d) are
strongest, as expected, everywhere on the south-

Fig. 5. The mean sea-level pressure [hPa] (a) and the geopotential height [m] at 500 hPa (b) at 00 UTC on 6 March 2007,
based on NCEP=NCAR reanalysis and provided by NOAA=CDC

Table 1. Observed and simulated, at a horizontal resolution of 3 and 1 km (values for respectively 40 and 50 �-layers),
mean winds, f10, and gusts, fg [m=s], as well as gust factors, G ¼ fg=f10, at chosen stations at 22 UTC on 5 March 2007

Station f10,obs f10,sim1 f10,sim3 fg,obs fg,sim1 fg,sim3 Gobs Gsim1 Gsim3

Grundarfj€oorður (N) 13.2 8.8=8.1 13.5 21.5 27.2=21.9 24.1 1.63 3.08=2.70 1.78
Kolgrafarfj. (N) 15.9 16.3=13.9 16.5 25.8 24.8=21.2 25.5 1.62 1.52=1.52 1.54
Stykkish�oolmur (N) 10.2 12.9=10.5 12.9 18.7 20.7=21.2 20.4 1.83 1.60=2.01 1.58

Bláfeldur (S) 32.1 19.6=20.1 16.8 40.8 34.1=34.6 30.3 1.27 1.74=1.66 1.80
Hraunsmúli (S) 29.2 17.9=16.9 16.4 49.5 30.8=28.8 28.3 1.70 1.72=1.70 1.73
Vatnaleið (S) 16.9 12.1=11.7 11.7 28.8 24.2=26.7 22.9 1.70 2.00=2.28 1.96

Fig. 6. Simulated surface wind, f10 [m=s] (a), and wind gusts, fg [m=s] (b) on the Sn�fellsnes peninsula at 22 UTC on
5 March 2007, with a horizontal resolution of 3 km at the 34 hour forecast time. Terrain height with a contour interval of 200 m
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ern side of the peninsula with a maximum near
the locations of Bláfeldur and Hraunsmúli.
Weaker winds and gusts are predicted in the up-
stream decelerated flow. The surface winds are on
average reasonably well simulated on the northern
side, e.g. at Stykkish�oolmur, Kolgrafarfjarðarbrú
and Grundarfj€oorður (Table 1 and Figs. 6a and

7a, b). The observed gusts are mostly within or
very near the bounds of the predicted gusts and
the temporal behaviour of the observed gusts is
well captured. However, the atmospheric model
does not capture the strongest mean winds on the
southern side. During the maximum of the wind-
storms, the mean winds are greatly underesti-

Fig. 7. Simulated surface wind, f10 [m=s] (a, b), and wind gusts, fg [m=s] (c, d) as well as gust factors, G ¼ fg=f10 with
fg � 20 m=s (e, f) on the Sn�fellsnes peninsula at 22 UTC on 5 March 2007, with a horizontal resolution of 1 km using
40 (a, c, e) and 50 (b, d, f) �-layers, at the 34 hour forecast time. Terrain height with a contour interval of 200 m
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mated at several stations, e.g. at the downslope
stations of Bláfeldur and Hraunsmúli, while there
are however stations where the performance is
much better, e.g. at the Vatnaleið station in the
centre of the eastern part of the peninsula (Table 1).

Two sensitivity tests were performed for the
northerly windstorm, where the horizontal reso-
lution was increased to 1 km with and without
increased vertical resolution as well (Fig. 7).
The increased horizontal resolution reveals great-
er spatial detail in the surface wind and gust
fields. The downslope gust strength field is more
realistic, i.e. increased lee-side gusts, and there is
some improvement at several of the observa-
tion sites, while the gusts are still too weak. There
is a noticable degrade in the quality of upslope
mean winds at Grundarfj€oorður which are too weak
at the greater horizontal resolution (Table 1).
However, the downslope winds are improved
where a downslope wind maximum appears near
the southern location of Hraunsmúli and Bláfeldur
(cf. Figs. 6a and 7a, b). When the vertical reso-
lution is increased there appears to be a slight
improvement to the spatial distribution of mean
wind speed and gust strength (Fig. 7). The lee-
side winds and gusts are somewhat stronger
while they weaken slightly in some upstream parts
of the peninsula. However, overall there are very
little changes, and only a slight improvement is
observed at some of the weather stations while at
other stations the performance is somewhat worse
with the increased vertical resolution (Table 1).

The predicted gust factors (Fig. 7e, f) are
very high where the mean winds are relatively

weak, such as on the northern slopes of the
peninsula. The highest gust factors are indeed
found in patches of too weak mean winds,
e.g. near Grundarfj€oorður and �OOlafsfj€oorður. The
factors are captured at Stykkish�oolmur and
Kolgrafarfjarðarbrú but somewhat overestimated
at the Vatnaleið station. On the downslope side,
strong mean winds give gust factors that are low-
er than on the upstream side. The gust factor is
well captured at Hraunsmúli in spite of the poor-
ly estimated mean winds and gusts, while at the
nearby station at Bláfeldur, the gust factor is
overestimated. Over the sea, the approx. range
of gust factor values is 1.4–1.8.

3.3 The southerly windstorm on 20 March 2007

The W–E oriented surface pressure gradient was
strong in West-Iceland at noon on 20 March
(Fig. 8), giving rise to strong southerly winds
and gusts as great as 42 m=s for a few hours on
the northern side of the peninsula. There was low
pressure between Iceland and Greenland and a
ridge of the east coast of Iceland. Aloft, there
was a ridge above Iceland (Fig. 8), with a strong
NW–SE oriented pressure gradient. Consequent-
ly, there was a moderate clockwise veering of the
wind with height while winds were generally
strong throughout the troposphere.

Simulated mean winds at 12 UTC on 20
March are mostly below 20 m=s near and in the
Sn�fellsnes peninsula (Fig. 9a). The winds are
however slightly stronger on the downslope side
and there is a slight upstream deceleration of the

Fig. 8. The mean sea-level pressure [hPa] (a) and the geopotential height [m] at 500 hPa (b) at 12 UTC on 20 March
2007, based on NCEP=NCAR reanalysis and provided by NOAA=CDC
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flow. This is to some extent similar to the obser-
vations, shown in Table 2. The mean winds are
better reproduced upstream, and in the moun-
tains, than on the downslope side. The sea sur-
face winds are validated, at an earlier and at a
later time, with observations derived from the
Seawinds scatterometer aboard the QuickSCAT

satellite5 (not shown). As is seen both in the
observations as well as the simulations (Table 2
and Fig. 9b), the gustiness is far greater in the

downslope windstorm than on the upstream side.
The gusts tend to be slightly overestimated in the
weaker winds on the upstream side and under-
estimated near the mountains on the downslope
side, while the gusts in the mountains are more
accurately captured. As for the northerly wind-
storm, the estimated gust factors (Fig. 9c) are
generally greater in the weaker winds on the up-
stream side than at downslope locations, and
are overestimated at Bláfeldur and Hraunsmúli
as a result of the overpredicted gust strength.
The gust factors are better captured in the moun-

Fig. 9. Simulated surface wind, f10 (a), and wind
gusts, fg [m=s] (b), as well as gust factors, G ¼ fg=f10

with fg � 20 m=s (c), on the Sn�fellsnes peninsula at
12 UTC on 20 March 2007, with a horizontal resolution
of 3 km, at the 34 hour forecast time. Terrain height
with a contour interval of 200 m

Table 2. Observed and simulated, at a horizontal resolution of 3 km, mean winds, f10, and gusts, fg, [m=s], as well as gust
factors, G ¼ fg=f10, at chosen stations at 12 UTC on 20 March 2007

Station f10,obs f10,sim3 fg,obs fg,sim3 Gobs Gsim3

Grundarfj€oorður (N) 20.8 16.8 39.3 34.7 1.89 2.01
Kolgrafarfjarðarbrú (N) 14.4 20.3 29.4 29.7 2.04 1.46
Stykkish�oolmur (N) 11.1 10.5 27.4 30.1 2.47 2.87

Bláfeldur (S) 12.7 12.5 17.9 25.5 1.41 2.04
Hraunsmúli (S) 14.0 13.5 20.2 24.5 1.44 1.81
Vatnaleið (S) 13.6 15.0 25.3 23.0 1.86 1.53

5 http:==manati.orbit.nesdis.noaa.gov=hires=
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tains, and near Grundarfj€oorður on the down-
slope side but worse at the nearby station at
Kolgrafarfjarðarbrú.

4. Discussion

The observed gusts are on average well captured,
both their strength and the temporal behaviour.
There is in some cases a relatively large overpre-
diction of the gust strength in weak winds at
locations upstream of mountains but in such
cases, an accurate gust prediction is in fact not
as important as in stronger winds. This upstream
error may be related to an inadequately simulated
deceleration of the flow or a tendency towards
boundary-layer blocking (e.g. Chen and Smith
1987) not being captured by the model. There
may also be cases where the surface flow is well
captured while the decelerated flow is too shal-
low and the winds brought down from aloft by
the gust method may therefore be too strong. In-
creasing the vertical resolution in the lower tro-
posphere, including the boundary layer, does not
appear to have any significant impact. Although
the peninsula is mountainous, it is quite narrow
and the steep mountains are reduced in height
and steepness at the model resolution. Steep
and high mountains are indeed more efficient at
decelerating the flow than lower and gentler slop-
ing mountains (e.g. Bauer et al. 2000). This in-
adequate deceleration of the flow has in fact
previously been studied and observed in simu-
lated flow at high resolution near, e.g. Bı́ldudalur
in Northwest-Iceland (Ágústsson and �OOlafsson
2007). It is clear that high frequency three-di-
mensional observations of the upstream flow,
and in particular of the mean winds and the
turbulence, are needed to investigate this matter
more closely and consequently improve the sim-
ulations of the flow. Unfortunantly, no such ob-
servations are currently available in Iceland, but
they are planned near Gufuskálar at the western-
most tip of the Sn�fellsnes peninsula.

Although the simulations are run at a high hor-
izontal resolution, it is reasonable that some of
the errors may be accounted for by subgrid to-
pography or inaccuracy in the simulation of the
horizontal extent of accelerated or decelated
flow. This is plausible both on the upstream side
and the lee-side. Indeed, Ágústsson and �OOlafsson

(2007) show that a relatively large error in the
upstream winds may only be due to a moderate
error in the extension of the area of upstream
deceleration. At the lee-side, previous studies
have in fact suggested that errors in the horizon-
tal extension of windstorms may at least be part-
ly responsible for discrepancy in comparison to
the observed winds, e.g. during the Freysnes
windstorm in Southeast-Iceland (�OOlafsson and
Ágústsson 2007). This is for example evident
at the southerly stations of Bláfeldur and
Hraunsmúli which show large differences in the
gust strength in spite of the short distance be-
tween them. In the northern part of the penin-
sula, similar pattern may be observed at
Kolgrafarfjarðarbrú and Grundarfj€oorður during
both storms. However, while Fig. 1 shows signif-
icant improvement in the representation of the
topography when the horizontal resolution is in-
creased, the subgrid topography does not explain
the reduction in performance on the upstream side
when going from 3 to 1 km in horizontal resolu-
tion. This part of the results remains unexplained.

The worst performance is seen in downslope
windstorms when an accurate gust estimate is in
fact most important. The downslope gusts were
strongly underestimated during the northerly
windstorm of 5 March which is not unexpected
as the method is strongly dependent on the sim-
ulated mean winds which were also far too weak.
At one of the two downslope stations an excep-

Fig. 10. Section A (cf. Fig. 1) from north to south
across the peninsula, at a resolution of 1 km with
40 �-layers and at the 34 hour forecast time. Shown
are isolines of potential temperature [K], wind speed
vectors and turbulent kinetic energy [J=kg] at 22 UTC
on 5 March 2007
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tionally high gust factor is correctly reproduced,
indicating that the gust estimation method may
be good. The horizontal variability and the mag-
nitude of the downslope winds are however not
correctly reproduced, but both are most likely
due to subgrid topography. A study of the struc-
ture aloft in this northerly windstorm reveals
breaking waves above the Sn�fellsnes peninsula
(Fig. 10). The conditions for wave breaking are
indeed favourable, strong winds at mountain top
level and a reverse wind shear with a minimum in
wind speed above 500 hPa. The flow pattern is
reminiscent of the description by Smith (1985)
of downslope windstorms. Below the laminar
flow there is a large concentration of TKE in
the region of the breaking waves. There is accel-
erated flow below the turbulent region, and above
the lee-side slopes of the peninsula, i.e. at the
Bláfeldur and Hraunsmúli stations. The wave
signal is stronger, and the downslope winds are
more accurately captured, at a resolution of 1 km
than at 3 km, implying the importance of high
resolution for the simulation of gravity waves
aloft. This underlines the need for high resolution
4-dimensional observations to verify the wave
structure in flows of this kind.

The observed gusts in the downslope wind-
storms are captured more accurately in the south-
erly flow on 20 March than in the northerly flow
on 5–6 March. Although the conditions for grav-
ity wave formation were also favourable during
the southerly windstorm, the absence of a nega-
tive vertical wind shear facilitates the gravity
wave to propagate upwards without breaking as
in the 5 March case of northerly flow and low
level wave breaking. The vertical wave structure
is therefore quite different from what it is in the
northerly windstorm and this may influence the
performance of the gust method.

In some instances, the predicted gust factor
field estimates correctly the observed gust factor
in spite of the incorrect mean wind and gusts.
Although the gust strength is incorrectly pre-
dicted, a correctly predicted gust factors is of
substantial value for forecasting as it implies that
at least the ratio of gust strength and mean wind
speed is reasonably estimated.

There appears to be a systematic error in the
strength of the predicted gusts over the sea where
the gust factor is expected to be less than 1.4
(Ágústsson and �OOlafsson 2004) but is simulated

to be considerably greater. The areas of over-
estimated gust factors are in the region of strong
winds, but are mostly limited to wake-like re-
gions extending far downstream of large moun-
tains or mountain ranges, e.g. downstream of the
Sn�fellsnes peninsula and the Reykjanes penin-
sula in Southwest-Iceland (Figs. 7e, f and 9c). To
shed some light on this, one can look at flow
across the Reykjanes peninsula in SW-Iceland
during a southeasterly windstorm. Observations
at Garðskagi, which is in the wake of the penin-
sula and close to the Keflavı́k upper air observa-
tions reveal a mean wind of 15 m=s and gusts
of 23 m=s. The mean winds are correctly re-
produced, but the gusts are overestimated. The
Keflavı́k radiosonde (WMO no. 0418) shows a
strong increase in wind with height with a max-
imum of 30 m=s just above 950 hPa. The simu-
lated static stability in the lowest 1000 metres is
slightly greater than the observed stability. As
there are no direct observations of turbulence
in the flow, and especially in the mountain
wakes, it is difficult to verify the spatial distrib-
ution of the TKE. However, the overestimation
of the gusts indicates that there is too much mod-
elled TKE in the mountain wakes, which may
cause the gust prediction to fail as it will be able
to bring down strong winds from too far aloft
in the BL.

5. Conclusions

Wind gusts have been parameterized in a collec-
tion of atmospheric simulations of flow over
Iceland. Here we discuss the performance of
the gust prediction during a period of two
months, which includes severe windstorms, in
complex terrain in the Sn�fellsnes peninsula in
West-Iceland.

The results of this study are consistent with
previous studies on the use of the gust prediction
method, e.g. Belu�ssi�cc and Klai�cc (2006), �OOlafsson
and Ágústsson (2007). The quality of the pre-
dicted gusts is strongly correlated with the ability
of the model to correctly simulate the mean sur-
face winds. Where the mean surface winds are
correctly captured, the predicted gusts are on av-
erage in reasonable agreement with the observa-
tions. The greatest errors in the gust prediction
are an underestimation of the gusts during severe
downslope windstorms. This is presumably relat-
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ed to the inadequate simulation of the downslope
surface winds by the atmospheric model. Gusts
also tend to be overestimated at locations where
the upstream deceleration of the flow is too weak
or possibly too shallow. There is also a systemat-
ic overestimate of the gust strength downstream
in mountain wakes. This appears to be caused by
too much turbulence in the atmospheric model.
These problems may be further investigated with
different BL schemes and TKE parameteriza-
tions, as well as different atmospheric models,
e.g. the WRF-model (Skamarock et al. 2005),
with different dynamics. However, the issue will
not be solved without direct observation of the
atmospheric turbulence and other key atmo-
spheric fields in the BL. In this context it would
be invaluable to have such observations in the
Sn�fellsnes peninsula.

For the creation of a continous field of wind
gust prediction, the gust method appears su-
perior to statistical methods in the sense that it
can correctly take into account localized condi-
tions and flow patterns, provided the atmospher-
ic model is run at high horizontal resolution.
Such local effects may be unrepresented in a
statistical ensemble created with observations
from several locations. Also, through the atmo-
spheric model, it takes into account the dynam-
ics and the structure of the flow which strongly
influence the surface gusts and can only be
represented in very simple terms in statistical
methods.

Furthermore, the results of the study indicate
that gusts can be successfully predicted in the
complex terrain in Iceland. This is of special in-
terest in the context of operational weather fore-
casting where gust forecasts may give valueable
information, for example regarding road safety
and possible damage to structures during severe
windstorms.
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RANN�IIS (The Icelandic Centre for Research), Ranns�ooknar-
námssj�ooður (The Icelandic Research Fund for Graduate
Students), Vegagerðin, Landsvirkjun (the National Power
Company) and Minningarsj�ooður Helgu J�oonsd�oottur og
Sigurliða Kristjánssonar (The Memorial Fund of Helga
J�oonsd�oottir and Sigurliði Kristjánsson.). We are grateful to
the anonymous reviewers whose comments helped improve
the manuscript.

References

Afansyev YD, Peltier WR (1998) The three-dimensionaliza-
tion of stratified flow over two-dimensional topography.
J Atmos Sci 55(1): 19–39
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Ágústsson H, Cuxart J, Mira A, �OOlafsson H (2007) Observa-
tions and simulation of katabatic flows during a heatwave
in Iceland. Meteorol Z 16(1): 99–110
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Grønås S, Sandvik AD (1999) Numerical simulations of
local winds over steep orography in the storm over North-
Norway on October 12, 1996. J Geophys Res 104(D8):
9107–20

Janji�cc ZI (1990) The step mountain coordinate: physical
package. Mon Wea Rev 118(7): 1429–43

Janji�cc ZI (1994) The step-mountain eta coordinate model:
further development of the convection, viscous sublayer,
and turbulent closure schemes. Mon Wea Rev 122(5):
927–45

Jungo P, Goyette S, Beniston M (2002) Daily wind
gust speed probabilities over Switzerland according
to three types of synoptic circulation. Int J Climatol
22: 485–99

Mitsuta Y, Tsukamoto O (1989) Studies on spatial structure
of wind gust. J Appl Meteor 28: 1155–60

Nielsen NW, Petersen C (2001) Calculation of wind gusts in
DMI-HIRLAM, Scientific report 01–03, Danish Meteo-
rological Institute, Copenhagen

�OOlafsson H (2004) Sandfoksveðrið 5, okt�oober 2004. Náttúr-
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