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Abstract

In this study, consisting of four scientific papers, we investigate local- and mesoscale
variability of winds in the complex terrain of southwest Norway and Iceland. In Paper
1, we find southwesterly and northeasterly flow in a coastal region of southwestern Nor-
way is orographically enhanced at the ground level. Southeasterly and stably stratified
northwesterly, on the other hand, is decelerated by blocking and wake effects. These
findings largely confirm those of previous studies with idealised simulations of flow in
the area. Furthermore, we deduce a new way of quantifying the wind distribution in
the area through a two-parameter Weibull function. The inland locations are associated
with low, but variable wind speeds (low shape and scale parameters). In the coastal
and offshore locations, the winds are less variable and stronger (high shape and scale
parameters). The mountain top wind speed distribution is fundamentally different from
the others: it shares the high variability with the inland locations, and it shares the
strong winds with the coastal and offshore locations. In strong southwesterly flow, the
city centre of Bergen appears to be sheltered with respect to its surroundings. In Pa-
per 2, we investigate this wind shelter in detail. In the numerical simulations of two
southwesterly windstorms, we remove the mountains up- and downstream of Bergen
(Lgvstakken and Flgyen) from the model topography. We find that the wind shelter
is a combination of both a wake from Lgvstakken and a blocking from Flgyen. Fur-
thermore, Lgvstakken acts to significantly increase the precipitation in the city centre
through spillover. The findings from Paper 1 and 2 confirm the potentially significant
impact of mountains on local- and mesoscale variability of winds in the area. Previous
studies have shown that mountains’ surface characteristics in terms of friction and ther-
mal properties can modify gravity waves and downslope flows, which are common flow
patterns in connection to topography. In Paper 3, we study the sensitivity of flow over
the mesoscale Hofsjokull mountain in Iceland to the underlaying surface characteristics.
We find that removing the mountain’s ice cap from the model landuse data, leaving a
rougher and warmer surface, dampens gravity waves and downslope flow acceleration.
The impact from the surface friction is greatest. The impact from the surface heating is
larger when the surface is rough than when it is smooth. We explain this latter finding
by referring to vertical profiles of wind and turbulent mixing. High horizontal grid res-
olution is important for appropriately resolving local- and mesoscale flow phenomena.
Validating such simulations, on the other hand, is a challenge. In Paper 3, we confirm
the utility of a remotely piloted aircraft system (RPAS), called the small unmanned
meteorological observer (SUMO), for the validation of simulated atmospheric flow. In
Paper 4, we use temperature, humidity and wind profile data from SUMO to improve
simulations of mesoscale, thermally driven flow in the form of sea breeze in southwestern
Iceland. We find that the assimilation of the SUMO data leads to an improvement in
the simulated horizontal and vertical extent of the sea breeze circulation along with a
better reproduced local component of the background flow.
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1 Introduction

This thesis contributes to an increased understanding of variability in local- and mesoscale
flows in complex terrain. We focus on the areas of southwestern Norway and Iceland.

These areas, both situated along the North Atlantic storm track, are dominated by

rapidly shifting weather with typically large day-to-day variations in wind, temperature

and precipitation. Knowledge about the weather in these areas has been essential for

centuries, firstly for survival and later for the security of natural resources and property.

This is especially true for the coastal areas which are to a large extent freely exposed to

frequently passing storms.

Studies of the weather in the region date back to at least the “King’s Mirror” (old
Norse: Konungs skuggsj), written in the 13th century for king Hakon Héakonsson and
Magnus the Law-mender. In modern times, this was followed by pioneering work of the
Bergen School of Meteorology (Bjerknes and Solberg, 1921, 1922). As the observational
record increased, forecasting rules for winds and precipitation in Southern Norway were
established. These were documented by Finn Spinnangr (Spinnangr, 1943a,b). Later,
Godske et al. (1957) made a review of relevant dynamics, based partly on the theories
developed by the Bergen School of Meteorology. Particularly relevant to the present
work are the references of Godske et al. (1957) to the work by Tor Bergeron on the
“corner effect” which causes strong winds in the form of a jet along the southwest coast
of Norway. This jet continues to be of interest to modern day weather forecasting as
it affects all human activities along the southwest coast of Norway, including shipping,
fishing, oil industry and wind energy production. Later, Andersen (1975) published an
overview of different wind patterns classified by periods of certain prevailing large-scale
wind conditions which he referred to as “H. Johansen weather types”.

Lacking the detailed four dimensional observation and simulation datasets we have
today, the results in the aforementioned literature were mainly based on simplified flow
patterns and sporadic case studies. Furthermore, as was also the case for meteorological
research in general at the time, most studies were focused either on the larger/synoptic
(>2000 km) or local (<2 km) scales. The revolution within computational resources in
the 70’s and 80’s sparked a rapid evolution in the research on the intermediate scale,
the so called mesoscale (e.g. Pielke, 2002).

Steadily increasing computational power allows mesoscale atmospheric models to be
run at horizontal resolutions of 1 km, or even distinctly below that for studies limited
in time and space. High resolution is necessary for appropriately resolving local- and
mesoscale atmospheric phenomena. While the increased resolution represents an im-
portant step forward for numerical weather prediction, the provision of correspondingly
high resolution observations needed for validation becomes increasingly challenging. The
advancement of observational technologies and the increased number of mesoscale ob-
servational networks (e.g. Lin, 2007), contributed significantly to the rapid evolution of
mesoscale meteorology. Models used for the simulations of real atmospheric flows are



not only dependent on observations for validation, but also for the provision of initial-
isation and forcing data. Even today, with relatively new remote sensing technologies,
such as radar and satellites, there are regions with sparse data coverage, e.g. the Arctic,
the Antarctic and the world’s oceans. Hence, the quality of weather forecasts in these
and neighbouring regions suffer from a lack of observational data. Data from novel
platforms capable of doing in-situ measurements in the region, such as from remotely
piloted aircraft systems (RPAS), may improve upon this in the future. The utility of
several such platforms, such as the Aerosonde (Holland et al., 1992), the Meteorological
Mini Aerial Vehicle (M?AV; Van den Kroonenberg et al., 2008) and the Small Unmanned
Meteorological Observed (SUMO; Reuder et al., 2009), has been demonstrated in recent
years.

Using modern capabilities within mesososcale atmospheric modelling, the recent
studies of Barstad and Grenas (2005, 2006) significantly added to knowledge about
mesoscale flow over Southern Norway. Among their main findings, was a jet form-
ing along the mountain slopes and out over the sea (referred to as a ’left-side’ jet) in
southwesterly large-scale flow. This is the same jet as mentioned in Godske et al. (1957).
However, Barstad and Grgnas (2005) found the jet to be caused by the rotational effects
on the flow rather than coastal convergence as was suggested previously. In addition,
Barstad and Grgnas (2005) found lee-side effects such as downslope accelerated winds
and a wind shadow connected to inertio-gravity waves in southeasterly to southerly flow.

The history of peer-review studies on local- and mesoscale flows in Iceland is not as
long as that of southwestern Norway. Nevertheless, following the recent evolution in ob-
servational and modelling capabilities, several studies have emerged during recent years.
For example, gust factors in relation to surrounding terrain were studied by Agustsson
and Olafsson (2004) and Agtstsson and Olafsson (2009). Downslope flows have been
studied by Agutstsson and Olafsson (2012) and Régnvaldsson et al. (2011). Bromwich
et al. (2005) performed a high resolution climate simulation over Iceland, which they
used to analyse the near-surface climate. They found amongst other things land-sea-
breeze circulation to be evident in summer and katabatic winds to be an important
climatic feature in winter.

The terrain morphologies and climates of Iceland and southwestern Norway are quite
similar, and the results of the mentioned studies from Iceland and Norway are presum-
ably mostly valid for both places.

2 Main Objectives

In Paper 1 of this thesis, one of our aims is to find further observational evidence for
the findings of Barstad and Grgnas (2005) on the mesoscale flow structures for an area of
the southwest coast of Norway. Their study contained a section where reanalysis data
and observations from a limited set of automatic weather stations (AWSs) along the



coast were used to validate their results. As with the rest of their study, this section was
limited to flow between the south and west sectors. In our study, we use an extensive set
of observations from several AWSs along with reanalysis data to validate their findings.
We extend the study to yield all larger scale wind directions and we aim to establish a
more detailed picture on how the flow on the local scale relates to that on the larger
scale. Furthermore, we aim to deduce a new classification of the wind speed distribution
in the area using the two-parameter Weibull function.

In Paper 2, our main aim is to investigate why the city centre of Bergen is sheltered
during strong southwesterly flow. This sheltering is one of the main findings in Paper 1
on the relationship between the smaller and larger scale flow in the Bergen area. Evi-
dence for the sheltering is also found in the study of Harstveit (2006). We use numerical
simulations of two southwesterly windstorms in which each of the two mountain massifs
(Lovstakken and Flgyen) up- and downstream of the city are stepwise removed from the
model topography. We also seek to find out whether the data from the “Florida” AWS
are representative for the wind in the city centre of Bergen as a whole. Bergen is not only
a calm place, it is also very wet. In fact, Bergen is among one of the wettest cities — if
not the wettest — city in Europe, with an average of 2250 mm per year. Precipitation
is not the main topic of this thesis, but we include some results on local precipitation
in Bergen in Paper 2. It is well recognised that the relatively high annual precipitation
amounts along the southwestern coast of Norway are caused by the south Norwegian
mountain range (e.g. Steensen et al., 2011). It has, however, until now been unclear how
the local mountains around Bergen affect the precipitation in the city through e.g. the
“spillover” effect as described by Sinclair et al. (1996).

In Paper 3, our main aim is to evaluate the effects of surface heat fluxes and surface
friction on flow over the mesoscale, glacier covered mountain of Hofsjokull. A recent
dynamical downscaling of flow over Iceland (Rognvaldsson et al., 2007) shows a persistent
downstream shift in the wind speed maximum over the larger glaciers. This flow pattern
resembles closely what can be expected in the presence of gravity waves. Idealised
modelling studies have shown that surface friction (e.g. Richard et al., 1989; Georgelin
et al., 1994; Olafsson and Bougeault, 1997) and adiabatic heating (e.g. Raymond, 1972;
Smith and Skyllingstad, 2011) of flow over mountains can potentially have a significant
detrimental impact on gravity waves. We hypothesize that the cold and smooth surface
of the glaciers could be the reason for the described persistent downstream shift in
the wind speed maximum. To find out, we simulate two summertime cases from the
international FLOHOF field campaign, 2007 (Reuder et al., 2011). In several model
sensitivity experiments, we modify the surface of Hofsjokull to investigate the impact of
its surface characteristics on the gravity waves and downslope flow.

In Paper 4 we aim to demonstrate how high resolution numerical weather simula-
tions of a mesoscale flow pattern can be improved by the assimilation of temperature,
humidity and wind data from the SUMO RPAS. For this application, the four dimen-
sional data assimilation (FDDA) capability of the Weather Research and Forecasting
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model (WRF) is used. We apply the SUMO FDDA system to two cases of summertime
fair weather situations from the Moso field campaign in Southwest Iceland, 2009. The
situations were dominated by thermally driven flow in the form of sea breeze circulation
along the coast. The sea breeze is a good example of a finely balanced mesoscale system

which operational weather forecasting models often fail to reproduce accurately (e.g.
Fuentes et al., 2005).



3 Background Theory and Experimental Method

In the atmospheric sciences, observations, theory and numerical models are all essen-
tial tools. In this thesis, we make use of all of these tools. Numerical models along
with theory have significantly increased our understanding of many observed weather
phenomena. To predict a real atmospheric state, in turn, the numerical models are
dependent on input from observations for initial and boundary conditions. Model sim-
ulations also rely on observational data for verification. Verification studies lead to
revisions of models, which in turn call for more observations for the validation of the
revisions. In this way, observations and models are used to guide each other’s devel-
opment and improvement which ultimately further our understanding of the weather.
Models, theory and observations as tools in atmospheric research can be regarded as
equally important (Warner, 2011).

3.1 Mountain flow theory

Mountains and hills impact atmospheric flow mainly through two basic processes. One
is the dynamical aspect through which mountains perturb existing atmospheric flow.
These perturbations take the form of e.g. gravity waves, upstream blocking and down-
stream wakes, downslope accelerated flows, corner winds and jets. A second mechanism
is thermally driven flow which arises through thermal contrasts, connected to differential
heating of mountains and the surrounding areas (mountain and valley winds). The first
process will be the topic of this section. Orographic flow perturbations, and especially
gravity waves, have been the subject of theoretical studies for decades. Among the
pioneers in the field were Lyra (1943) and Queney (1948) who found solutions for flow
over idealised, rectangular and bell shaped mountains. These first theoretical studies

assumed a uniform upwind flow speed U and a uniform atmospheric stability, expressed

by the Brunt Vaiséla frequency, N = ,/%% where g, 6 and z are the acceleration
avg

of gravity, the potential temperature and the altitude, respectively. These assumptions
are still widely used in many studies of mountain flow. Later, Scorer (1949) famously
deduced analytical solutions for trapped lee waves. As Wood (2000) points out in his
historical review of mountain flow theory, much progress was made in the beginning by
refining and making Scorer’s analysis more realistic (e.g. Wallington and Portnall, 1958;
Sawyer, 1960; Foldvik, 1962).

As in Queney (1948), more recent studies also work with linearised solutions, giv-
ing analytical flow solutions (e.g. Smith, 1979). These studies extend to flow over 3D
mountains, with scales on the order of 1 km. Other studies of such flows are mentioned
in the review by Durran (1990). On this scale, the effect of the earth’s rotation on
the flow is negligible. Using the Boussinesq approximation, and by assuming a linear,
stratified flow over an isolated mountain with no surface friction, it can be shown that
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(e.g. Pierrehumbert and Wyman, 1985; Smith and Grgnéas, 1993) the flow is governed
by the non-dimensional mountain height h=N h/U, i.e. the inverse Froude number.
N and U are defined above and h is the mountain height. Various flow regimes have
been defined and described based on this parameter (e.g. Lin and Wang, 1996; Triib and
Davies, 1995; Olafsson and Bougeault, 1996; Peng et al., 1995). For flow over a simple
3D obstacle, Smith (1989) describes the three following flow regimes:

1) For low values of iz, the flow typically passes over the mountain with ease, without
any upstream blocking and gentle gravity waves form. h can be seen as a measure of
the linearity of the flow and linear mountain wave theory describes the flow response
well within this range (Gill, 1982).

2) High values of h are typically associated with upstream flow stagnation and split-
ting, i.e. the flow is diverted to either side of the mountain on its upwind side. Weak
gravity waves may form along with lee-side vortices. The pressure perturbations set up
by the mountains are small within this regime as there is only weak flow lifting.

3) For values of h close to unity, the flow is dominated by a high-drag state (large
pressure perturbations). In this state, there are typically amplified or even breaking
gravity waves and strong downslope flow on the mountain’s lee side.

For flow on larger scales, the rotation of the earth influences the flow over mountains.
This influence can be quantified in terms of a non-dimensional parameter known as the
Rossby number, R, = f% As for h, U is the upstream flow speed. f is the Coriolis
parameter and L is a length scale commonly considered as the mountain half width in
the direction of the flow. Thus, a high R, indicates low rotational effects on the flow and
vice versa. An effect of rotation is to introduce assymmetries in flows in connection to
mountains: as flow impinges on a mountain, a pressure surplus builds up on its upstream
side as the flow is forced to ascend. This acts to decelerate the flow which induces an
ageostrophic component in the flow, which is initially geostrophic. In the northern
hemisphere, the flow is therefore accelerated to the left on the mountain’s upstream
side. Through this mechanism, rotation may render flow that would be blocked on
a rotating plane, to be unblocked (Thorsteinsson and Sigurdsson, 1996; Olafsson and
Bougeault, 1997). It is the effect of rotation that is responsible for the left-side jet
frequently forming along the southwestern coast of Norway in southwesterly flow as
described by Barstad and Gregnéas (2005) and further investigated by us in Paper 1.
Such jets are also known from many other locations in the world, e.g. Alaska (Overland
and Bond, 1993), Greenland (Olafsson and Agtstsson, 2009; Renfrew et al., 2009), and
California (Doyle, 1997). Because the terrain is the forcing element of the flow, such jets
are normally confined below the altitude of the mountain peaks (Parish, 1982; Barstad
and Grenas, 2005).

A third non-dimensional parameter is the mountain aspect ratio R = %, where L,
and L, are the mountain half widths along and across the main flow direction.

Figure 1 of Petersen et al. (2005), which is here reproduced in Figure 1, nicely

11



4
5 | Blocked flow Blocked flow
. 1
I |
B | B* B~ B* B~ B” . B
1 1
4 ‘ Blocked flow, wave breaking |
1 1
i . i
> : |
= 3 B | Br A A <. B B~ | B
2 I P . |
I ~ |
! - Wave breaking B !
2| B i 4 A A A . | B
________ G . P
q ~ ~ ~ ~ ~ ~ ~
Mountain waves
180 210 40 270 300 330 360

2
Wind direction (Degrees) #
00 00
P
Figure 1: Flow characteristics for different mountain aspect ratios, R (= 4 for west-

erlies and 0.25 for northerlies) and values of the non-dimensional mountain height, h.
Reproduced from Petersen et al. (2005)

summarises the effect of R for various wind directions and values of h. The mountain
corresponds to the size of Greenland (200 x 800 km), but its shape and north-south
alignment resembles that of South Norway.

It can be seen that a value of h=2 is sufficient to cause blocking for southerly flow,
while blocking does not start before around h=3.5 for westerly flow. This is caused by
the above explained effect of rotation which is larger when the flow has to travel farther
in the westerly than in the southerly case to get around the mountain. Interestingly, for
the non-rotational case, the effect of the aspect ratio is the opposite (e.g. Smith, 1989):
A mountain elongated across the flow would cause blocking for lower values of k than a
mountain elongated along the flow.

3.2 Remotely Piloted Aircraft Systems (RPASs) in atmospheric
sciences

Apart from the observational data from conventional platforms like automatic weather
stations (AWS) used in all four papers of this thesis, in Papers 3 and 4 we make use of
measurements from a new tool for boundary layer measurements which is based on a light
weight RPAS. RPAS is also known under other acronyms, such as UAS (unmanned aerial
/ aircraft system). In this introductionary part, we use "RPAS", which was assigned as
the official acronym by the International Civil Aviation Organization (ICAO) in 2012.
However, in the four papers of this thesis, and by many of the references therein, UAS
is more widely used.

RPASSs, consisting mainly of an unmanned aircraft and a ground control station,
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have undergone a technical revolution over the past few decades. Since their first ap-
plication for atmospheric research in the late sixties (Konrad et al., 1970), they have
been developed into autonomous platforms featuring advanced navigational systems and
mission planning tools. Particularly the smaller RPASs are relatively user friendly and
cost efficient to operate. RPASs’ flexibility is unique in terms of controllability when
compared to e.g. tethered sondes and radiosondes as they can be operated both to
perform horizontal transects as well as vertical profiles. Data delivery is fast or even
instantaneous. Unlike most lidar, radar and satellite based systems, the data acquisi-
tion does not rely on similarity or propagation assumptions and it is undisturbed by
clouds. RPAS is thus a system with the potential to close the observational gap in the
atmospheric boundary layer (ABL) between the aforementioned conventional instru-
ment platforms. Examples of RPASs for atmospheric research include the Aerosonde
(Holland et al., 1992; Curry et al., 2004), which has amongst other things been used
for observations of hurricanes over the Atlantic Ocean (Cascella, 2008) and katabatic
flows in the Antarctic (Cassano and Knuth, 2010). With a wingspan of 3 m, a weight
of 14 kg and an endurance of some hours, the Aerosonde is a relatively small RPAS and
far smaller than the larger ones like the Global Hawk (wingspan 35 m and weight 5000
kg, National Aeronautics and Space Administration (NASA) and National Oceanic and
Atmospheric Administration (NOAA)) which can remain in the air for more than a 24
hours. The Manta is a RPAS similar in size to the Aerosonde and it has been used
for e.g. the measurement of atmospheric heating rates of black carbon (Ramanathan
et al., 2007) and turbulent water vapor fluxes (Thomas et al., 2012). The Meteorological
Mini Aerial Vehicle M2AV (Van den Kroonenberg et al., 2008; Martin et al., 2011) is
another small sized RPAS which has been used to obtain e.g. atmospheric soundings
and measurements of turbulent heat fluxes.

In this thesis, we make use of the RPAS SUMO which has been developed by a col-
laboration between the Geophysical Institute, University of Bergen and Martin Miiller
engineering in Hildesheim, Germany. The system is based on an autopilot system devel-
oped under the open source Paparazzi project led by the French school for civil aviation
(Ecole Nationale de I’Aviation Civile, ENAC) (Brisset et al., 2006). With a wingspan of
0.58 m and a weight of around 600 g, the Multiplex FunJet airframe of SUMO is most
likely the lightest airframe currently in use for atmospheric research. It is electrically
powered and the battery package gives it an endurance of 20-40 minutes, depending on
the flight conditions and flight pattern. SUMQO’s small size and low demands for infras-
tructure makes it ideal for use in field campaigns in remote locations. It can be operated
both during daytime and night-time. The maximum airspeed is currently around 15-20
m s~ !, which also defines the wind speed limit for operations. Temperature, relative hu-
midity and pressure are measured by onboard sensors. Wind speed and wind direction
are indirectly estimated using information from the onboard Global Positioning System
(GPS). The SUMO wind algorithm is described in detail by Mayer et al. (2012). For
atmospheric profiling, we use a flight path resembling a helix with a radius typically
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Figure 2: The SUMO airframe and the laptop used as the ground control station.

set between 50 and 100 m. So far, SUMO has been operated in a total of 10 inter-
national field campaigns, and more than 700 scientific measurement flights have been
performed. The system has been proven to provide measurement quality close to that of
well established measurement platforms such as radiosondes (e.g. Jonassen, 2008; Mayer
et al., 2012). The SUMO airframe, along with the ground control station, are depicted
in Figure 2.

Performing measurements with a moving platform is a challenging task and there
are generally more sources of measurement errors than for static platforms using the
same instruments. One such error source is that of the sensor response time, which
can be a critical factor when performing atmospheric profiles with a fast ascending and
descending RPAS like SUMO. The combined temperature and humidity sensor in use
for SUMO during the FLOHOF campaign was found by Jonassen (2008) to be relatively
slow, with response times of around 5 and 12 seconds, respectively. Such a sensor lag
time leads to a general warm / dry bias in the ascent profiles and a cold / moist bias in
the descent profiles. We have therefore corrected all profiles used in this thesis with a
corresponding algorithm outlined in Jonassen (2008).

3.3 The Weather Research and Forecasting model (WRF) and
Four Dimensional Data Assimilation (FDDA)

For the numerical simulations of this thesis, we use the WRF model (Skamarock et al.,
2008). WRF is a community model, with development led by the National Center for
Atmospheric Research (NCAR). Typical applications for WRF focus on the mesoscale,
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but the model also includes global climate and large eddy simulation (LES) capabili-
ties. It can be used for real data simulations, such as for hindcasting and forecasting
purposes, as well as for single column and idealised flow studies. The modelling suite
encompasses a range of physical parameterisation schemes, and it supports various sets
of atmospheric input data. Both single- and two-way nesting is supported. WREF is
used world-wide, both for operational weather forecasting and for research purposes.
It has two dynamical cores, one is the Nonhydrostatic Mesoscale Model (NMM) and
the other is the Advanced Research WRF (ARW). We use the latter dynamical core in
this study. For the initialisation and forcing data in the studies of Paper 2-4, we use
operational analyses from the European Centre for Medium-Range Weather Forecasts,
with 91 model levels and a horizontal resolution of 0.125 degrees.

Initialisation and forcing data data are typically created using advanced data assimi-
lation methods. WREF also contains data assimilation capabilities such as the variational
data assimilation (3D-VAR and 4D-VAR). In Paper 4, we use the computationally less
expensive and numerically more simple four dimensional data assimilation (FDDA; e.g.
Anthes, 1974; Stauffer and Seaman, 1990, 1994; Schroeder et al., 1990) option in WRF
to improve a high resolution weather simulation. The FDDA technique is also referred
to as Newtonian relaxation, or simply “nudging”. It is used to force the model towards
either existing gridded model results (grid nudging) or observations (obs nudging) that
are assumed to be closer to the real atmospheric state. When used only in the beginning
of the simulation, the application of FDDA is referred to as “dynamic initialisation”. It
can also continue to force the model throughout the simulation time and hence the
name “four dimensional” data assimilation. The FDDA is implemented by adding an
artificial tendency term to the governing model equations. This forcing term is based on
the difference between the observed and modelled atmospheric state and details on the
formulae are outlined in Stauffer and Seaman (1990). In the FDDA setup one can set
a range of parameters. One is the nudging coefficient (s7!), which controls the strength
of the nudging. Another is the horizontal radius of influence (kilometres), which deter-
mines the size of the area that is affected by the nudging. One can also set a time frame
for the impact of the nudging. The time frame can e.g. be set to 40 minutes before and
after an atmospheric sounding was taken. The parameters that can be nudged are the
u and v components of the wind and temperature and humidity.
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4 Summary of the Results

In a series of four scientific papers, local- and mesoscale flow patterns in southwestern
Norway and Iceland have been studied. The general conclusions are given below.

Our main findings in Paper 1 on the relation between the larger and smaller scale
flows in the Greater Bergen area are summarised in Figure 3.
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Figure 3: Mean wind direction and wind ratio at surface stations (black arrows) as
a function of four large scale wind directions (from ERA Interim data at 850 hPa,
thick, grey arrows) over the greater Bergen area: (a) northeast (35-55°), (b) southeast
(125-145°), (c) southwest (215-235°) and (d) northwest (305-325°). The wind ratio is
indicated by the arrow lengths. For a wind ratio of 1, the black arrow has a length equal
to that of the thick, grey arrow, meaning that the wind speed is the same at the surface
as at 850 hPa. All 850 hPa wind speeds are above 5 m s~'. Reproduced from Paper 1.

We find southeasterly and stably stratified northwesterly flows over the Greater
Bergen area are decelerated with respect to the larger scale flow through wake and
blocking effects. Southwesterly and northeasterly winds, on the other hand, are oro-
graphically enhanced. For southwesterly flow, there is a strong clockwise turning in
wind direction with height (veering). This veering can be explained both by a topo-
graphic steering by the roughly north/south oriented southwest Norwegian coast and
mountain range and by the effect of the earth’s rotation. For northwesterly flow, on the
other hand, there is almost no turning in the wind direction with height. In general,
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one would expect increased atmospheric stability to induce stronger deceleration of the
flow at the surface with respect to the larger scale flow. For southwesterly flow over the
area investigated, however, the average surface wind speeds are approximately the same
for stable atmospheric conditions as for unstable conditions. This can be attributed to
a left-side jet, which is induced by the effect of the earth’s rotation and enhanced by
increased atmospheric stability / increased non-dimensional mountain height (Nh/U)
leading to a more pronounced upstream blocking. The results are in line with well es-
tablished mountain flow theory and largely confirm the findings of Barstad and Grgnas
(2005) on south to westerly flows over southwestern Norway for the area investigated.
Furthermore, we show the geographical wind speed distribution in the greater Bergen
area can be classified in terms of a two-parameter Weibull function. The coastal and
offshore locations are dominated by steady and strong winds (high Weibull shape and
scale factors). The wind speed inland is on average lower, but more variable (low
Weibull shape and scale factors). The wind speed distribution at the mountain tops is
fundamentally different from the others: it shares the relatively high variability with
the inland locations, and it shares the high average wind speeds with the coastal and
offshore locations. A factor acting to increase the variability in the wind speed inland is
thermally driven flow. We find that such flow dominates inland under quiescent synop-
tic conditions. The inland wind speed is typically significantly reduced by a relatively
high surface friction. However, local mountains can also be expected to contribute to
local deceleration of the flow through blocking and wake effects. We find the city centre
of Bergen to be especially sheltered during strong southwesterly flow as represented by
the “Florida” weather station. Variability of winds in the centre of Bergen, and the role
of individual mountains in forming the local flow during southwesterly windstorms, are
the main objectives of Paper 2.

In Paper 2, we numerically reproduce two southwesterly windstorms that impact
southwestern Norway on 10 January 2009 and 25 November, 2011. As exemplified in
(Figure 4 a)), the simulated flow along the southwest coast of Norway at 1200 UTC on
11 January, 2009, resembles closely that found in the idealised simulations by Barstad
and Grgnas (2005) and described by us in Paper 1. The highest wind speeds are found
along the coast in the form of a jet reaching 30 m s=! near the surface. The flow along
the coast is turned towards the left with respect to the flow farther up- and downstream.
As with the larger scale, there is also great variability in the wind field on the local scale
(Figure 4 b)): relatively high wind speeds (20-25 m s™!) are found along the coast and
on the local mountain- and hilltops. Low wind speeds are found up- and downstream
of the same hills (5-10 m s™!). The city centre of Bergen stands out as one of the
calmer areas, suggesting that the sheltering of Bergen is captured by the model. Both
the high spatial variability and the observed temporal variability are confirmed by a
comparison with a relatively dense network of AWSs. In a set of additional model
sensitivity experiments, we investigate the sheltering of Bergen in further detail by
removing each of the two mountains upstream (Lgvstakken) and downstream (Flgyen)
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Figure 4: Simulated near surface (19.5 m AGL) horizontal wind speed at 1200 UTC on
11 January 2009 for a), the outermost domain (4.5 km horizontal resolution) and b),
the innermost domain (500 m horizontal resolution). Observations from selected AWSs
along the coast are indicated with red wind barbs. Each barb is 2.5 m s~*. The location

of Bergen is indicated with a “B” in panel a) and with a red, dashed line in panel b).)

from the model topography. The results show that the sheltering of Bergen is caused by a
combination of a wake from Lgvstakken and blocking from Flgyen. As could be expected,
each effect is strongest closest to the respective mountains. At the Florida weather
station, the blocking effect is the strongest. The impact of both mountains on the wind
in the city is close to the sum of each of them. Previous experiments with idealised
flow over two mountains, show that the effect of two mountains not always equals the
sum of the individual effects from the two (e.g. Hunt and Richards, 1984; Grubisi¢
and Stiperski, 2009; Stiperski and Grubisi¢, 2011). We find that a spillover effect from
Lgvstakken significantly enhances the precipitation in the city centre of Bergen for the
wind storms investigated. Strong wind is known to strengthen the spillover effect (e.g.
Sinclair et al., 1996). The effect is thus probably less prominent on the average than
for the investigated strong wind cases. When compared to AWS observations from the
area, our simulation results show only very little sensitivity to the choice of the model
landuse and topography datasets.

Papers 1 and 2, both demonstrated significant impacts on the meso- and localscale
flow patterns from mountains. Several studies have shown that the actual surface of the
mountains can play an important role in how the different flow patterns manifest them-
selves. For example, both a high surface friction (e.g. Richard et al., 1989; Georgelin
et al., 1994; Olafsson and Bougeault, 1997) and positive surface heat fluxes (e.g. Ray-
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Figure 5: Cross section of mean simulated near surface wind speed [m s™] (average over
the three lowest model levels) on 13 and 14 August, 2007, for the four WRE' simulations
with differing model surface over Hofsjokull. The location of the characteristic areas 1)
Upstream, 2) Upslope, 3) Mountain top, 4) Downslope and, 5) Downstream are indicated
in this figure’s lower panel. The location of the ice cap is indicated with a solid, grey
line in the lower panel. The larger-scale flow direction is from the right to the left (from
the northeast). Reproduced from Paper 3.

mond, 1972; Smith and Skyllingstad, 2011) have been found to have a detrimental
impact on gravity waves and downslope accelerated flow. In Paper 3, we investigate the
effects of surface friction and heat fluxes on flow over the mesoscale Hofsjokull ice cap
in Central Iceland. The main findings of this investigation can be summarised in Figure
5, showing mean near surface wind speed on 13 and 14 August, 2007, over Hofsjokull
for four sensitivity simulations with differing mountain surface characterics. We find
that both an increased surface friction and an increased heat flux over the mountain
have a detrimental impact on the downslope flow acceleration and gravity waves. The
above mentioned studies considered only one of these effects. To our knowledge, our
study is the first to systematically address both effects. For our case studies, we find
the detrimental effect of an increased surface friction to be larger than that of an in-
creased surface heat flux. This result might be sensitive to the tested range of values
for each of the parameters. Nevertheless, we believe that our results are representative
for a plausible future scenario where the ice cap of Hofsjokull has melted. The cold
and smooth surface of the glacier is probably the reason for the persistent downslope
accelerated flow seen in the dynamic downscaling of flow over Iceland in Rognvaldsson
et al. (2007). Interestingly, the effect of the surface heat flux is larger over a rough than
over a smooth mountain surface. This finding can be explained by referring to vertical
profiles of wind and turbulent mixing.
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Validation of high resolution simulations, as those in this study, is a challenging
task. In Paper 3, we confirm the usefulness of the SUMO RPAS for the validation of
the simulated flow aloft.

Figure 6: Simulated wind direction and specific humidity (g kg~*) in southwestern Iceland
from the lowermost model half level (approximately 9 m AGL) at a horizontal resolution
of 1 km at 1600 UTC 19 Jul 2009 for the (a) CTRL simulation and (b), FDDA-all

simulation. Areas with over 98% relative humidity are encircled by a black, dashed line.

Local- and mesoscale flows can be challenging to accurately reproduce with weather
models. Thermally driven flow in the form of sea breeze is an example of flow that can
be difficult for operational weather models to appropriately predict (e.g. Fuentes et al.,
2005). In Paper 4, we demonstrate how a high resolution numerical weather simula-
tions of mesoscale flow can be improved by assimilating data from the SUMO RPAS
using FDDA. To the knowledge of the authors, this is the first time RPAS data have
been assimilated into an advanced atmospheric simulation. In our study, the combined
SUMO-FDDA system is applied to two summertime fair weather situations from the
Moso field campaign in southwestern Iceland, on 19 and 20 July, 2009. The weather
both days was dominated by a high diurnal boundary layer temperature variation lead-
ing to sea breeze circulation along the coast. The data assimilation leads to a more
accurately reproduced vertical and horizontal extension of the sea breeze as well as a
better description of the local component of the background flow. On 19 July, there
is erroneous fog residing along the Reykjanes peninsula in the simulation without data
assimilation, leading to a temperature underestimation of 8 K. This error is almost
eliminated by assimilating the SUMO data. An example of the impact on the hori-
zontal extent of the sea breeze front from the data assimilation can be seen in Figure
6. The figure shows the near surface humidity field at 1600 UTC on 19 July, 2009. It
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is clearly seen how the sea breeze front reaches farther inland with than without the
data assimilation, which is in closer agreement with the observations. We find that
both the assimilation of the temperature and humidity data as well as the wind data
are important for the quality of the simulation results. Potential future applications for
the SUMO FDDA system include the improvement of high resolution weather now- and
forecasts for search and rescue missions.

5 Future Perspectives and Outlook

Studies of local- and mesoscale flow over the greater Bergen area in southwestern Norway,
as presented in Papers 1 and 2, could in future include simulations with idealised flow. In
this way, we would gain a more conceptual understanding of the processes studied. One
of the remaining questions is the role of static stability in creating the Bergen orographic
wind shelter. More observations could also prove useful for future studies. As of June
2012, there are data available from a scanning wind lidar temporarily mounted on the
roof of the Geophysical Institute in Bergen (at the Florida weather station). These data
are complimented by a rapidly growing network of AWSs in the area. Simulations and
observations could also be used for the study of meteorological conditions during events
of high concentrations of pollutants in the Bergen valley. Such issues typically arise
during clear weather in wintertime when strong inversions build up in the valley (e.g.
Berge and Hassel, 1984; Bergen-Kommune, 2007).

In Paper 2, we run a set of numerical sensitivity tests with higher resolution model
datasets for landuse and topography. Our results show no consistent improvement when
applying the high resolution datasets for the two studied cases of southwesterly wind
storms. Previous studies have shown a larger improvement (e.g. Cheng and Byun, 2008;
Arnold et al., 2012) when using such datasets. Our results could be sensitive to the larger
scale flow. Cheng and Byun (2008) found a larger positive effect from an improved lan-
duse dataset for weak synoptic flow, rather than for strong synoptic flow. The study of
Paper 4 highlighted the need for a more accurate dataset for southwestern Iceland as the
default dataset in WREF from the United States Geological Service (USGS) contains far
too much inland water. The excessive surface water amounts caused negative tempera-
ture biases of several degrees in the affected locations. Work is currently being done on
the implementation of a higher resolution and newer dataset for Iceland, called Corine
(from the European Space Agency). This is a part of the high resolution landuse dataset
that was used for Norway in Paper 2. Future climates are predicted to bring about land
surface changes such as the melting of glaciers. In Iceland, smaller glaciers may disap-
pear during the next 200 years (Johannesson, 1997). Such land coverage changes may
have impacts on the regional climate, such as the altering of mesoscale flow over previ-
ously ice covered mountains. In Paper 3, we show that the removal of the ice cap from
the Hofsjokull mountain in Central Iceland, leaving a rougher and warmer surface, has
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a detrimental impact on the formation of gravity waves and downslope accelerated flow.
Such changes in mountain flow patterns will in turn change the drag exerted on the
atmosphere by the mountain. This may have implications for the general atmospheric
circulation; orographic drag is an important sink in the atmospheric momentum budget
(e.g. Lilly, 1972; Wahr and Oort, 1984).

Validation and provision of data for initialising and forcing numerical weather mod-
els, become increasingly challenging tasks as the model grid resolutions increase. In
Papers 3 and 4, we confirm the utility of the SUMO RPAS for validating and forcing
the WRF model. In the future, the utility of SUMO and similar systems is expected to
expand significantly. As with RPASs in general, SUMO is a novel system under constant
development. Recently, a five-hole probe that can measure the turbulent components of
the u, v and w flow components, was incorporated in the system. The turbulence probe
has already shown promising results from field campaigns in Denmark and France, in
2011 (Reuder et al., 2012). In Denmark, the system was flown in and around a small
wind farm. The measurements revealed distinct differences in the turbulence kinetic
energy (TKE) up- and downstream of the farm. In this context, the RPAS is a unique
system in terms of flexibility and no other instrument platform can, to our knowledge,
perform in-situ measurements with similar spatial and temporal resolution.

There is a rapidly increasing demand for energy in the world and renewable energy
in the form of e.g. wind energy is foreseen to have a great potential. Planning of wind
farms demands an in-depth knowledge of the surrounding areas. Especially in complex
terrain, typical of Norway and Iceland, knowledge of the effects on the local flow field
from both the surrounding and larger scale topography, as investigated in Papers 1-3,
can prove essential. In this context, modelling tools are important. Liu et al. (2011)
proposed a system in which very high resolution LES is combined with observations
using FDDA for simulation of flows in wind farms. Measurements from SUMO and
similar RPASs, both for validation and assimilation, would be ideal for such a system.
The findings on wind speed distributions in Paper 1 could also be useful for future
planning of wind farms. Mapping of wind speed distributions are frequently used in
connection to wind energy. Generally, steady and moderate wind speeds are desirable
for the extraction of wind energy.

Accurate prediction of local weather is key for a wide range of services and decision
makers, such as search and rescue organisations. As proposed by Régnvaldsson (2011),
the improvement of weather forecasts or nowcasts for search and rescue purposes is a
potential future application for the SUMO FDDA system, that we present in Paper 4.
Search and rescue (SAR) missions are highly dependent on accurate weather information
as the safety of people in the field must be secured, and the missions must be run as
efficiently as possible. SAR missions often take place in remote areas and / or areas
severely affected by natural hazards. RPASs, such as SUMO therefore represent an ideal
platform for the provision of in-situ data from these areas.

Lessons learned from high resolution numerical case simulations can be useful guid-

22



ance for forecasters. Many flow phenomena, especially those connected to complex
topography, are not appropriately resolved or represented by today’s numerical weather
prediction models as these are generally run at coarser resolutions (on the order of kilo-
metres). These phenomena include mountain waves and wakes as studied in this thesis,
and effects of sub-grid topography as discussed by Zardi and Rotach (e.g. 2007).
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ABSTRACT

Multi-scale variability of winds in the complex terrain of southwestern Norway is investigated using up to 20 yr
of observations from nine automatic weather stations and reanalysis data. Significant differences between the
large- and local-scale winds are found. These differences are mainly governed by the large-scale topography of
Southern Norway. Winds from the southeast and statically stable flow from the northwest are found to be
significantly reduced at the ground level due to large-scale wake and blocking effects. Southwesterly and
northeasterly winds are orographically enhanced. At a local scale, there are differences in the wind speed
distributions between the surface stations, both in space and time. These differences can to a large extent be
quantified in terms of the Weibull distribution function and associated with the respective geographical
locations as discretised in four characteristic surface categories: offshore, inland, coast and mountain. The
inland category is found to be associated with relatively low but variable wind speeds, whereas the coastal and
offshore locations are dominated by more steady and stronger winds. The mountain wind speed distribution is
fundamentally different from the others; it shares the variability with the inland locations but the higher
average wind speed with the other categories.

Keywords: complex terrain, Southern Norway, flow modification, topography, local meteorology

1. Introduction flows over Southern Norway have been studied since the
early days of the Bergen School of Meteorology (Bjerknes
and Solberg, 1921, 1922). With an increased observational

record, their findings later led to forecasting rules for

Along the southwest coast of Norway, southerly winds
prevail throughout the year. On a timescale of days and
weeks, however, the frequent passages of cyclones give rise
to rapid and large changes, both in wind direction and wind
speed. Of similarly great magnitude are the spatial differ-
ences found in smaller scale winds for a given large-scale
flow. These differences are in first order governed by the
larger scale topography of Southern Norway (approxi-
mately 100—150 km wide, 1500 m high), inducing phenom-
ena that can be characterised as meso to synoptic-scale flow
structures. At a local scale (1-50 km), the flow is modified
by topographic features typical for the Norwegian coast
such as steep mountains, valleys, narrow fjords, islands and
straits. Also, contributing to the local-scale variability in
winds are thermally driven flows such as land—sea breezes
or valley and mountain winds. Meso to synoptic-scale

different flow regimes. The findings were documented by
Spinnangr (1943). Later, Andersen (1975) gave an overview
of different wind patterns classified by periods of certain
prevailing large-scale wind directions. In recent years, two
papers have been published on the topic, Barstad and
Gronds (2005), hereafter BG0S5) and Barstad and Grends
(2006). Using a series of idealised numerical simulations
and reanalysis data along with ground observations, they
studied flows over Southern Norway in the sector from
south to west with emphasis on mesoscale flow structures.
Among their main findings, was a jet forming along the
mountain slopes and out over the sea (referred to as
a ‘left-side’ jet) connected to southwesterly large-scale
flow. In addition, lee side effects such as downslope-
accelerated winds and a wind shadow connected to

*Corresponding author.
email: marius.jonassen@gfi.uib.no

inertio-gravity waves were identified in southeasterly to
southerly flow.

Tellus A 2012, © 2012 M. O. Jonassen et al. This is an Open Access article distributed under the terms of the Creative Commons Attribution-Noncommercial 3.0 1
Unported License (http://creativecommons.org/licenses/by-nc/3.0/), permitting all non-commercial use, distribution, and reproduction in any medium, provided

the original work is properly cited.

Citation: Tellus A 2012, 64, 11962, DOI: 10.3402/tellusa.v64i0.11962

(page number not for citation purpose)



2 M. O. JONASSEN ET AL.

Under conditions with weak synoptic flow, thermally
driven flows (flows driven by local temperature and pressure
gradients) such as sea and land breezes, valley and mountain
winds typically dominate on a local scale. In southwestern
Norway, such local flow has mainly been studied in the
Bergen valley and its surroundings. Berge and Hassel (1984)
studied temperature inversions and local drainage flow in
the Bergen valley using a tethered balloon and automatic
weather stations (AWSs). They found the development of
inversions to be most frequent in wintertime during periods
with larger scale easterly (offshore) winds and high atmo-
spheric stability. Utaaker (1995) studied the climate in
Bergen, with the main emphasis on local winds and
temperature conditions. He described a prominent channel-
ling effect by the Bergen valley and a variation in dominat-
ing local wind directions with the time of the year, driven
under weak synoptic flow to a large extent by sea breeze
during summertime and katabatic winds during wintertime.
An AWS at Flesland, some 10 km southwest of the centre of
Bergen, was found to give the most representative picture of
the wind field in the Bergen area as a whole.

In many ways, the southwest coast of Norway represents
a physical barrier to the large-scale flow. In the aforemen-
tioned studies on such flow over southwestern Norway, this
roughly north/south-oriented barrier has mainly been
treated as a two phased one, with sea to the west and
land/mountains to the east. Accordingly, this simplification
has predominantly been used when describing flow regimes
over the area (with one over land and one over sea). In this
study, a more refined topography transition between sea
and land is used, laterally dividing the coastal zone into
four discrete surface categories: offshore, coastal, inland
and mountain. By this new concept, the present study lays
more emphasis on finer scales, allowing for a more detailed
description of the flow over the southwest coast of Norway.

It is a main aim of this study to investigate the relation-
ship between the large-scale flow, the aforementioned
mesoscale flow structures and the flow at local scale.
Previous studies on the relationship between the small-
and large-scale flow in complex terrain, (e.g. Whiteman and
Doran, 1993; Kalthoff et al., 2003) have found significant
differences between the two but have not explicitly included
mesoscale flow structures as those studied here. The present
investigation is confined to a relatively limited area roughly
covering the western/seaward half of the Hordaland
county, centrally situated at the southwest coast of Norway
(Fig. 1). The area is further on referred to as the ‘Greater
Bergen area’. The results will, amongst other things,
provide a climatological frame for an ongoing project,
where a very dense network of AWSs is being established in
the central areas of Bergen. In addition, the results will be
of general relevance for local-scale weather forecasting in

the area and may give guidance for estimations of, for
example dispersion of pollutants.

Up to 20yr (1989-2009) of data from nine AWSs
situated in a rough transect from offshore via the coast
to the inland and the mountains are used. ERA Interim
data from the European Centre for Medium-Range Weath-
er Forecasts (ECMWF) are used to estimate the corre-
sponding large-scale flow.

The second section of this paper is dedicated to a
description of the data and theory.

Section 3 describes the results, section 4 presents a
discussion of these and the main findings are summarised
in the fifth and last section.

2. Data and theory

2.1. Atmospheric data

In the area of interest, i.e. the Greater Bergen area as
defined in the introduction, a number of AWSs have been
erected to provide information on the local climate. The
AWS at Mount Ulriken is run in a collaboration between
Aanderaa data instruments (AADI) and the Geophysical
institute, University of Bergen (GFI), and the AWS at
Sotra is run by Avinor. The remaining stations are
operated by the Norwegian meteorological office (met.no).
The geographical locations of the AWSs are indicated in
Fig. 1, and key figures for each station are listed in Table 1.
At Florida, the measurements are made on the top of the
GFI building around 25 m above the surrounding ground.
The wind speed there is, therefore, most likely somewhat
higher than the typical 10 m reference value. The measure-
ments offshore, i.e. at the platforms of Troll A and
Gullfaks C, are also made at higher altitudes (approxi-
mately 70 and 77 m.a.s.l.).

For most of this study, the meteorological data are
obtained as 10 minute averages every 6 hours, i.e. 0000,
0600, 1200 and 1800 UTC. Not all station data are
available with a full 20 yr record. These inhomogeneities
might have implications on the accuracy of, for example
the calculations of the Weibull factors, as presented in
Section 3, and more data in future records would be
expected to yield more accurate estimations. The same
holds for the wind ratios presented in the same section.

Following the concept given in the introduction, the
AWSs are grouped into four categories according to their
geographical locations, that is offshore, coast, inland and
mountain. No regular upper air observations are made in
the area; therefore, ECWMF ERA Interim 850 hPa reana-
lysis data (hereafter ‘ERA Interim’) from a point at 60°N
4.5°E are used to estimate the large-scale wind direction
and wind speed. The ERA Interim data have a temporal
resolution of 6 hours and a horizontal grid spacing of 1.5°.
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2.2. Theory

2.2.1. Mountain flow. Rotunno and Ferretti (2001) list the
following five central parameters in the theory of orographic
flow modification (neglecting the effects of latent heat
release): The typical wind speed of the background flow,
U, the Coriolis force f, the Brunt—Viisild frequency N, the
obstacle (mountain) height /s and L, a length scale com-
monly considered as the mountain half-width in the direc-
tion of the flow. The effect of these parameters are nicely

Table 1. Automatic weather stations
Station Dates Source m.a.s.l.
Florida 1989-2009 met.no 48
Flesland 1989-2009 met.no 48
Ulriken 2005-2009 AADI/GFI 605
Sotra 2007-2010 Avinor 341
Hellisoy 1989-2005 met.no 20
Fedje 2004-2009 met.no 19
Slatteroy 1989-2005 met.no 25
Troll A 1998-2009 met.no Approximately
70
Gullfaks C 1990-2009 met.no 77
ERA 1989-2009 ECMWF N/A
Interim-850 hPa
ERA 1989-2009 ECMWF N/A
Interim-925 hPa
ERA Interim-10 m  1989-2009 ECMWF N/A

summarised in Fig. 11 of their paper. The five parameters
are often combined to form three different non-dimensional
control parameters (e.g. Birkhoff, 1960): The non-dimen-
sional mountain height (or inverse Froude number) Ni/U,
the Rossby number U/fL and the hydrostatic number U/NL.

For a linear, stratified flow over a mountain on a
frictionless, non-rotating plane, the main parameter gov-
erning the flow is NA/U (Pierrechumbert and Wyman,
1985). In the literature, various flow regimes based on
this parameter are described (e.g. Peng et al., 1995; Triib
and Davies, 1995; Lin and Wang, 1996; Olafsson and
Bougeault, 1996). Smith (1989) outlined three main flow
regimes over simple 3-D mountains: Low values of Ni/U
enable the flow to pass over the mountain without any
stagnation, and typically gentle gravity waves are formed.
Nh/U can be seen as a measure of the non-linearity in the
flow, and linear theory describes the response well in this
range (Gill, 1982). For high values of Ni/U, the flow may
stagnate on the upstream side of the mountain, and this is
the most common pattern for high mountain ranges. On a
non-rotating plane, for a mountain that is elongated along
the flow, stagnation starts at values of Ni/U that are higher
than if the mountain is elongated across the flow (Smith,
1989). This has been confirmed by Bauer et al. (2000), using
3-D numerical simulations. Neglecting the effects of
rotation, westerly flow should in other words be more
easily blocked than southerly flow, both impinging on a
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mountain with the shape of Southern Norway (north—
south elongated).

The Rossby number enters the theory as an additional
parameter for flow on a rotating plane. As the flow
impinges on the mountain, it is decelerated by the buildup
of a pressure surplus on the upstream side created below
the air that is cooled off through adiabatic ascent as it is
forced to climb the mountain. The deceleration causes a net
force imbalance in the initially geostrophic flow leading
more of the flow towards the left of the mountain (in the
northern hemisphere). This effect is well described in the
literature (e.g. Smith, 1982; Pierrehumbert and Wyman,
1985). Rotation, thereby, may render flow that would be
blocked on a rotating plane, unblocked (Thorsteinsson and
Sigurdsson, 1996; Olafsson and Bougeault, 1997). The
effect of the mountain aspect ratio on a rotating plane is
the opposite of that for a non-rotating plane. For Southern
Norway, it facilitates the westerly flow but not the south-
erly flow to overcome the blocking (Petersen et al., 2005).
Finally, smaller scale topography impacts the flow on
scales, where the Coriolis force is negligible and at these
scales the flow may be blocked locally.

The intensity of upstream blocking critically depends on
the ambient static stability that can modulate the magnitude
and direction of the low-level flow impinging on the
orography (e.g. Smith, 1979; Smolarkiewicz and Rotunno,
1989, 1990). For strong atmospheric stratifications and
through the above-described effect of rotation, left-bound
barrier jets often form in connection to larger mountain
ranges. They may be associated with cold air damming
effects, as investigated by, for example Bell and Bosart
(1998) for flow near the Appalaches and flow with high
Nh/U as discussed by Pierrechumbert and Wyman (1985) and
Overland and Bond (1993). Such jets are typically found
along larger mountain ranges as the Rocky Mountains
(Colle and Mass, 1995), the Appalaches (Bell and Bosart,
1998) and along mountainous coastal regions as those of
Southern Norway (BGO05), California (Doyle, 1997), Alaska
(Overland and Bond, 1993) and Greenland (Olafsson and
Agustsson, 2009; Renfrew et al., 2009). The terrain is the
forcing element of the flow, so such jets are normally
confined below the mountain peaks (Parish, 1982, BGOY).

For Southern Norway, L varies between 100 km (westerly
flow) and 250 km (southerly flow). This corresponds to a
length scale found within the meso range. Typical wind
speeds in the region are in the range 5-20ms ', and the
characteristic mountain height is around 1500m. This
would yield a typical Rossby radius from 0.15 to 0.65 for
southerly/northerly winds and from 0.4 to 1.65 for westerly/
easterly winds (BGO5). These values are in the so-called
intermediate range (e.g. Triib and Davies, 1995), where
perturbations take the form of inertia buoyancy waves for

Ry slightly above 1 and pseudo-geostrophic waves for R,
slightly below 1 (Pierrehumbert and Wyman, 1985).

2.2.2. Wind speed distribution. Wind speed distributions
have successfully been approximated by the Weibull
probability density function (e.g. Justus and Mikhail,
1976; Hennessey, 1977; Pavia and O’Brien, 1986; Wei,
2010). The function can be expressed as follows:

_ Rl x>0
f(x)’{" 0 x<0

f(x) gives the probability that a random observation
has a value equal to x. k > 0 is the shape parameter
and A > 0, the scale parameter. k is dimensionless and A
has the units m s~ '. In short, the shape parameter k is
a measure of the variability in wind speed.

The wind speed distribution in areas with high diurnal
variability, for example, areas often experiencing local
thermally driven flow, will typically be associated with a
low shape parameter (k-values below approximately 1.8).
The same is generally valid for regions with complex
terrain. A low shape parameter & also indicates a high
prevalence of low wind speeds. Regions with a more stable
wind climate, such as the trade wind belt, are gene-
rally characterised by a higher shape parameter (k-values
around 3). The scale parameter A is tightly linked to the
average wind speed. A high scale parameter indicates a
high average wind speed and vice versa.

The cumulative Weibull distribution function, giving the
probability that a random observation has a value equal to
or less than an assigned value x, can be expressed as follows:

F(x)=1- e~/

In this study, the scale and shape parameters are obtained
through a maximum likelihood estimate. The calculations
are based on 6 hourly data from the periods indicated in
Table 1.

3. Results

3.1. Large-scale wind climatology

Looking at the wind distribution at 850 hPa derived from
20yr of ERA Interim data (Fig. 2, a—e), it is clear that
winds from the southeast through the westerly sector to the
north are dominating. Winds from the east and northeast,
on the other hand, are rare throughout the year. The
highest wind speeds are generally found in the sector south
to southeast. A seasonal variation is seen in both the wind
direction and the wind speed. In the winter, the winds are
more westerly than in the other seasons. The winter also
has the highest wind speeds. The weakest winds are, as
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Climatology of large-scale winds (ERA Interim 850 hPa at 60°N 4.5°E) for (a) all year, (b) the winter (December—January—

February), (c) the spring (March—April-May), (d) the summer (January—July—August) and (e) the autumn (September—October—
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expected, found in summertime. Furthermore, the summer
season is associated with dominating large-scale winds
from the south and a higher portion of northwesterly
winds than the rest of the year.

3.2. Frequency of wind directions

Figure 3 shows the relative frequency of occurrence of
different wind directions at the selected AWSs. It appears
that the most common wind direction at the ground level in
the area is south-southeast. Similar to the flow at 850 hPa,
winds at the ground level from east and northeast are rare.
Although somewhat more frequent offshore (observations
of wind direction at Gullfaks C are missing) and aloft,
westerly winds are also generally rare. Close to 25% of the
strong winds at Florida are south-southeasterly (150—170°),
making it the single most common wind direction at any of
the included locations. Undoubtedly, this is caused by a
channelling through the Bergen valley. The second most
dominating wind direction in the area is northerly (around 340°).

When excluding data corresponding to local wind (winds
observed at each station) speeds below 10ms ~ ! (Fig. 4), one
can see where the stronger winds come from. The south-
southeasterly peak in wind direction distribution at Florida
becomes even more pronounced, now accounting for close
to 50% of the observations (although this is a rare event, see
Fig. 6). The same effect is seen at Flesland. Also, the
majority of the other stations report a significantly higher
portion of wind speeds from the south for this higher wind
speed threshold. A significant increase in relative frequency
is also seen for northerly winds at most stations. Together
with the increase in frequency of southerly winds, this

indicates a stronger alignment to the coastline and general
topography in the area for strong winds. Winds from the
east and northeast of this magnitude are almost absent at all
stations, with one notable exception, around 5% of the
winds at Florida are easterly (100°).

3.3. Frequency of wind speeds

From the fitted Weibull distribution of wind speeds for the
chosen AWSs (Fig. 5), a relatively close resemblance
is found within each of the four location categories in
Table 2. In terms of the Weibull shape parameter (k) and
scale parameter (), as listed in Table 2, the inland
locations are associated with a comparably low A value
(around 4) and a k ranging between 1.56 (Flesland) and

30
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The thick, horizontal line at 25% corresponds to a change of scale
in the y-axis. The change in scale is done to make the results below
the line directly comparable to the results in Fig. 3.

1.74 (Florida). The coastal and offshore stations, on the
other hand, have larger A values ranging from 7.29
(Slatteroy) to 9.31 (Gullfaks C), or roughly twice that of
the inland stations, and so are their mean and median wind
speeds (7-8 m s !, not shown). These stations’ k values are
also higher, around 2. The k and A values for the stations at
Mount Ulriken and Sotra appear as a combination of those
from the three other categories: The k values are relatively
low, similar to those at the inland stations, whereas the A
values are high, more similar to those found offshore and at

20 T T

the coast. In the case of Ulriken, the lower shape parameter
corresponds to a higher frequency of wind speeds below
2ms !, lower frequency of wind speeds between 2 and
15ms ! and a higher frequency of wind speeds exceeding
15ms ! when compared to the observations offshore and
at the coast.

According to the cumulative Weibull distribution of
winds (Fig. 6), showing the probability of having a wind
speed equal to or less than a certain threshold (x-axis), only
about 1% of the winds at the inland location of Florida
exceed 10ms ', This is significantly lower than that for,
for example, Hellisoy/Fedje that is freely exposed to the
North Sea, with a corresponding number of around 30%.
At Mount Ulriken, around 25% of the winds are above
10ms ' and 2% above 20ms .

3.4. Seasonal and diurnal variations in wind speed

Figure 7 shows that the highest wind speeds are found
during wintertime and the lowest during summertime. The
overall strongest diurnal variations in wind speed are seen
at the inland stations during summertime. In that season,
the lowest wind speeds occur during night-time, whereas
the highest ones are found around midday. A somewhat
weaker diurnal variability in wind speeds is seen for the
coastal stations. At the stations offshore, there is hardly
any diurnal variability at any time of the year.

Florida
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=y
N

Probability [%]
>
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Ulriken
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—#— Hellisoy
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Slattergy
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- — —Gulifaks C
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Interim_925 hPa
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Fig. 5.

Fitted Weibull distributions of wind speeds, f (ms '), for the chosen surface stations and the ERA Interim data. The inserted

panel (upper right corner) shows the upper tails of the distributions (wind speeds above 20ms ') in more detail.



MULTI-SCALE VARIABILITY OF WINDS IN SOUTHWESTERN NORWAY 7

Table 2. Weibull shape and scale factors for the wind speed
distribution at each station. The factor estimations are based on 6
hourly data from the respective data periods stated in Table 1

Location
Station name category scale, A [m s~ '] Shape, k
Florida Inland 3.99 1.74
Flesland Inland 4.13 1.56
Ulriken Mountain 8.03 1.48
Sotra Mountain 8.4 1.81
Hellisoy Coast 8.98 1.93
Fedje Coast 8.79 2.08
Slatteroy Coast 7.29 1.94
Troll A Offshore 8.68 2.00
Gullfaks C Offshore 9.31 2.07
ERA Interim- Model 11.36 1.77
850 hPa
ERA Interim- Model 9.79 1.73
925 hPa
ERA Interim-10m  Model 7.91 1.92

3.5. Surface winds and the large-scale flow

A question of central interest is how the local wind speed at
the ground level varies with the large-scale flow. From the
theory on mountain flow, as described in Section 2.2, this
relationship is expected to mainly depend on the large-scale
wind speed and wind direction and the atmospheric
stability.

As a step towards answering the posed question, a wind
ratio is introduced, defined as the median of the ratio
between the local and larger scale wind speed:

median(AWS_wind /850hPa_wind) (1)

Situations with 850 hPa wind speeds below 5ms ! and or
with less than 20 cases are excluded from the calculations.
Wind ratios are also calculated for model data at 925hPa
and 10m above ground. The sensitivities of the wind ratio
to the Nh/U, N and U have similarly been investigated by
calculating the wind ratios for two different intervals of
each parameter. The intervals are divided by high and low
values of each parameter, and the differences in wind ratios
between them correspond to the sensitivity.

In the calculations, / is set to the characteristic mountain
height of Southern Norway, 1500 m. U is the average of the
ERA Interim 850hPa and 10m wind speed and N, the
Brunt—Viisidld frequency, is defined as follows:

where g,0 and z are the acceleration of gravity, the potential
temperature and the altitude. A® and Az are the differences
in 0 and z between 850 hPa and the ground and 0,,, is the
vertical average of 0 below 850 hPa. The thickness of the
atmospheric layer, Az, is obtained from the hypsometric
equation. A dry atmosphere is assumed in the calculations.

100 Florida
- — —Flesland
90 —— Ulriken
- — —Sotra
80 —#— Hellisoy
- = —Fedje
Slatteroy
70 Troll A
_ = = =Gullfaks C
2 60 Interim_850 hPa
> Interim_925 hPa
% 50 Interim_10 m
3
[
a 40

30

20

10

Fig. 6.

Fitted cumulative Weibull distributions of wind speeds, f (ms™"), for the chosen surface stations and the ERA Interim data. The

inserted panel (at the right) shows the cumulative distributions for wind speeds above 20ms ™ in detail.
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The two different intervals of NA/U are defined as
follows: equal to or higher Nh/U than for 75% of all
data (Nh/U > 2.4) and equal to or lower N/i/U than for
25% of all data (Nh/U < 1.1). The intervals for U are
5-10ms ' and 10-15ms . For N, the two intervals are
equal to or higher N than for 75% of all data
(N > 0.012s " and equal to or lower N than for 25%
of all data (N < 0.008s~"). In the context of N, only
Vare
considered. This range is chosen to minimise the influence
from variations in the ambient wind speed on the results
and contains approximately 25% of the 850 hPa winds.

Figure 8 shows the wind ratio calculated over large-scale
wind direction sectors of 20°. The corresponding results for
the sensitivity of the wind ratio to Nh/U, U and N are
presented in Figs. 9, 10 and 11.

The wind ratios reveal two distinct wind regimes, one
connected to strong surface flow and another to weak
surface flow. These are discussed separately in Section 3.5.1.

situations with 850 hPa winds in the range 10-15ms ™

3.5.1. Strong surface flow: Large-scale winds from
southwest and northeast. The, on average, highest wind
ratios are found in connection to southwesterly flow. The
response in the wind ratios to an increased N/i/U, as seen in
Fig. 9 c, is on average higher wind ratios. Both U and N
contribute to this increase as a decreased U (Fig. 10c) and
an increased N (Fig. 11c) give higher wind ratios.

The second sector of relatively strong surface wind speeds
is northeast. At the offshore stations, these maxima are, in

fact, higher than in southwesterly flow. In contrast to, for

0 61218 0 6 1218 0 6 12 18 0
Time [UTC]

Seasonal and diurnal variation in wind speed, f (ms "), for the chosen surface stations and the ERA Interim data.

example Flesland, Florida also observes relatively high wind
speeds in this sector. Increasing N//U on average lowers the
wind ratio for this wind sector (Fig. 9c) with contributions
mainly from the static stability, N (Fig. 11c). The wind speed
U works actively in the opposite direction (Fig. 10c). There
are relatively few northeasterly cases, which is reflected by a
large spread in wind ratios for this sector.

3.5.2. Weak surface flow: large-scale winds from northwest
and southeast. In southeasterly large-scale flow, markedly

Florida
= = —Flesland
— Ulriken
— = —Sotra

— = = Hellisoy
Fedje 1
—#— Slatteroy

Troll A

= = = Gullfaks C
Interim_925 hPa|
Interim_10 m

1.2

-

wind ratio
e o
(2] ©

o
kS

o
[

1 1
135 180 225
d [°] at 850 hPa

1 1
1 1
1 1
1 1
270 315 360

Fig. 8.  Wind ratios for the surface stations and ERA Interim

data as a function of the 850 hPa wind direction, d (°) for wind

speeds at 850 hPa greater than 5ms .
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Fig. 9.
definition of low and high NA/U).

reduced wind speeds are observed, not only at all surface
stations but also at higher levels in the free atmosphere
(ERA Interim 925hPa data) (Fig. 8). The wind ratio
appears on average quite insensitive to Ni/U and U for
this wind sector.

Reduced wind speeds at the ground level are also found
in large-scale flow from west and northwest. Increasing
Nh/U gives, in general, lower wind ratios for this wind
sector (Fig. 9¢). The contributions are mainly from an
increased N (Fig. 11c).

3.5.3. Wind direction. As expected from Ekman’s theory, a
general anti-clockwise shift in wind direction is seen at the
ground locations when compared with the 850 hPa wind
direction (Fig. 12). Deviations from the average shift of 20°
are most notably found for large-scale wind directions from
the west-southwest with an average shift in the order of
30—40° (anti-clockwise) and from north-northwest with no
or even a negative (clockwise) shift of some few degrees. The
station at Florida stands out as it observes winds from 130°
and 160° in large-scale flow from south-southeast (160°) to
west-southwest (240°). Similarly, for large-scale flow from
north (0°) to northeast (40°), Florida observes winds from
the northwest. These large deviations are caused by the
channelling effect from the Bergen valley, as commented by
Utaaker (1995).

Wind ratios for cases with (a) low NA/U and (b) high Nh/U and (c) the difference between both (a) and (b) (see the text for the

3.6. Local-scale variations in the wind climate inland

Typically, the wind climate in complex terrain has a large
variability, both in space and time. The central Bergen area
is indeed dominated by complex terrain. At the location of
Florida, the Bergen valley has an orientation of approxi-
mately 160/340° or south-southeast/north-northwest. The
valley is rather open towards the sea in the northwest and
somewhat more sheltered in the south. Ulriken, which is
the highest mountain around Bergen (643 m.a.s.l.), is
located 3km to the east of Florida.

The local-scale wind variability in the Bergen area is here
investigated using data from the stations at Florida and
Flesland. Figure 13 shows a map over the central Bergen
area together with profiles of maximum topography
heights surrounding the two stations.

3.6.1. Wind speed. Figure 14 shows the mean difference in
wind speed between the two stations (Flesland—Florida)
with respect to the ERA Interim 850 hPa wind speed and
wind direction. For large-scale wind speeds higher than
10ms ! in the sector from south to west (170-290°), the
mean wind speed at Flesland is consistently higher than at
Uis
—1

Florida. The maximum difference of around 4-5ms™
found for 850 hPa wind speeds in the range 21-27ms
For wind directions outside this sector, the wind speeds are
either similar or higher at Florida than at Flesland, forming



10 M. O. JONASSEN ET AL.

15

wind ratio

= Florida

= = =  Flesland
= Ulriken

= = = ' Sotra

= = = Hellisoy
~—————— Fedje
——f—— Slatteroy
= TrollA

= = = ' Gullfaks C

wind ratio

Interim_925 hPa
Interim_10 m

05 = =~ difflaw-highi0) = ~1~ ~
|

diff wind ratio
°.|.
Y
1
1
1
1
1
1
A
A
M
1
|
SR | -
'
\\,
v

______ i~ 7 (e)

0 45 90 135 180

|
|
|
225 270 315 360

d [] at 850 hPa

Fig. 10.  Wind ratios for cases with large-scale wind speeds from (a) 5 to 10ms ' (b) 10to 15ms " and (c) the difference between both (a)

and (b).

a dipole-like pattern with a positive difference for westerly a clear bimodal pattern is seen at both locations. The

winds and a negative difference for easterly winds.

daytime (approximately 0700—2200 UTC) is dominated by
a northerly wind component, whereas the winds at night-
time are more southerly. For large-scale winds below

3.6.2 Wind direction Looking at Fig. 15 a showing the 10ms ™" (Fig. 15 b), an even larger portion of the winds
summertime diurnal variation in wind direction distribu- at Florida is northwesterly. At Flesland, a similar daytime
tion at Florida and Flesland for all large-scale wind speeds, increase in the frequency of northerly winds is seen.
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Fig. 11.  Wind ratios for cases with large-scale wind speeds from (a) 5 to 10m s (b) 10to 15ms " and (c) the difference between both (a)

and (b).
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Fig. 12, Mean wind directions at the ground as a function of the 850 hPa wind direction.
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Fig. 13.  (a) Map over the central Bergen area with Florida in the northeast (i) and Flesland in the southwest (ii). The city centre of

Bergen is marked by a red, dashed line. Both stations are shown with circles surrounding them with radii of 4 km. Each circle sector spans
20°. (b) The sectors’ maximum topography heights are plotted as a function of direction in relation to the respective stations. The
topography curve for Florida is given labels from A to D indicating the geographical locations of the dominating topographic features
around that location. Ulriken is marked by a ‘B’.
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Fig. 14.  Mean difference in wind speed between Florida and

Flesland (Flesland—Florida) as a function of the 850 hPa wind
speed, f (ms 1), and wind direction, d (°).
Considering situations with large-scale winds above
10ms~!, as shown in Fig. 15 c, the wind direction
distributions assume a character much more similar to
that found during night-time, and only a slight diurnal
signal is seen.

Differences between the two stations are mainly seen as
deviations at Flesland from Florida’s strictly south-south-
east/ north-northwest-oriented wind components. These

M. O. JONASSEN ET AL.

differences are especially evident during daytime, where
Flesland has a larger prevalence of winds from the south
and the west. Contributing to this difference is also a
clockwise turn (veering) in wind direction with time at
Flesland, which is not seen at Florida. The clockwise turn,
as caused by the effect of Coriolis on the sea breeze
circulation (e.g. Simpson, 1994), is presumably not evident
at Florida because of the surrounding topography’s
tendency of aligning the wind along the Bergen valley’s
axis. It is clear that the sea breeze’s presence depends on the
magnitude of the large-scale wind speed. For wind speeds
above 10ms !, the daytime northerly wind components at
ground are almost absent, whereas for large-scale wind
speeds below 10ms ', they dominate (Fig. 15).

Wintertime situations show, to a large extent, similar
patterns as those found during night-time in the summer
(not shown).

4. Discussion

In the present study, multiscale variability of winds in
the complex terrain of southwestern Norway has been
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Fig. 15.

Diurnal variation in wind direction distribution at Florida (green) and Flesland (red) during the summer months June, July and

August for (a) all 850 hPa wind speeds (f), (b) 850 hPa wind speeds below 10ms ' and (c) 850 hPa wind speeds above 10ms '. The
statistics are based on hourly 10 minutes. Averages from the years 2005 to 2009.
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investigated using up to 20yr of observational and
reanalysis data. The wind field has been shown to have a
large variability in both space and time over a relatively
short distance from offshore, via the coast to the inland and
mountain.

The content of this article can be summarised in three
main themes: geographical differences in the local wind
speed distributions, the relationship between the flow at
larger and smaller scale and variations in the wind climate
at the local scale. The following discussion is arranged
accordingly.

4.1. Geographical variations in the wind speed
distribution

It has been shown that the differences in wind character
between four characteristic surface categories in the Great-
er Bergen area (mountain, inland, coast and offshore) can
to a large extent be quantified in terms of the Weibull
distribution function. The higher variability found inland,
as reflected by the low Weibull shape factors (Table 2), may
be explained by local circulations associated with the
complex terrain such as features such as orographic
blocking, wakes, gap winds and thermally driven flow.
Sea breeze is, indeed, found to dominate locally inland
during daytime in the summer as seen in Figs. 7 and 15 and
as found by Utaaker (1995). The higher wind speeds found
in the mountains, at the coast and offshore (as reflected by
higher Weibull scale factors), as compared to inland, are
presumably caused by the relatively lower surface rough-
ness and the lack of sheltering from surrounding topogra-
phy, both at scales below 5 km (Fig. 13) as well as at scales
of Southern Norway (Fig. 16).

The difference in Weibull scale factors between the coast
and offshore locations is marginal. A distinct difference
between these two categories, however, is the lack of
diurnal variability in the wind speed offshore in summer-
time, but this difference alone has limited impact on the
Weibull factors.

The current classification of surface categories through
Weibull factors strictly only applies to the qualitative
domain. A method, including a more statistical approach,
to rigorously test to which category the stations belong
could prove beneficial for future studies.

4.2. Variation in surface wind with the flow aloft

When considering the relationship between local and larger
scale flow in the area, two main regimes stand out:
relatively strong surface winds are found in southwesterly
and northeasterly flow and weak surface winds are found
for southeasterly flow (Fig. 8). Given a high atmospheric

stability, relatively low surface wind speeds are also found
in northwesterly flow.

BGOS5 also found strong surface winds along the south-
western coast of Norway in southwesterly flow. They
attributed this flow nature to a coastal jet, mainly created
by the effect of rotation deflecting the flow to the left,
caused by a weakened Coriolis force as the flow
is decelerated by the mountain. Petersen et al. (2005)
described this kind of flow in their study of southwesterly
flow impinging on an idealised mountain resembling the
shape and north/south orientation of Southern Norway.
A more than average deflection of the surface flow towards
the left with respect to the flow aloft is indeed found for the
southwesterly flow (Fig. 12). The surface wind speed is
in this study shown to increase for higher values of Nh/U
(Fig. 9) for the southwesterlies. This is in accordance with
Overland and Bond’s (1993) finding on the formation of
jets along a mountainous coast line in Alaska as well as the
idealised flow in Petersen et al. (2005).

In northeasterly flow, the surface wind is not far from
being parallel to the height contours of the south Norwe-
gian mountain range (Fig. 12). It is presumably accelerated
by a pressure gradient associated with a wake at the west
coast of South Norway.

Markedly reduced wind speeds are observed in south-
easterly large-scale flow, not only at all surface stations but
also at higher levels in the free atmosphere (ERA Interim
925hPa data) (Fig. 8). This confirms the validity of the
idealised numerical experiments made by BGO0S5. They
proposed an explanation in terms of a rather deep (more
than 1500m in some places), large-scale wind shadow
forming downstream of the mountains in Southern
Norway. They further suggested that this is not a classical
wake, as typically occurring behind smaller scale moun-
tains but a wake caused by rotational effects on the
downstream inertio-gravity waves, as described by, for
example Triib and Davies (1995). The wind ratio appears
on average quite insensitive to N2/U and U for this wind
sector. There is no simple theory on how the mean surface
wind speeds in wakes vary with U or Nh/U.

The surface winds in the northwesterly flow are quite
variable in space and they are sensitive to the static
stability, N. This indicates the presence of an orographic
blocking with varying intensity and extension. Pierrehum-
bert and Wyman (1985) found through numerical simula-
tions that the upstream horizontal extension of such
blocking in a steep mountain zone is limited by the effect
of rotation and is on the order of the Rossby radius of
deformation, Nhi/f. In the present case, for a value of
N=0.01s"" 7=1500m and f=10"*s~", this would yield
a deformation radius of 150km. Even the most distant
stations (Gullfaks C, ~130km and Troll A, ~60km) are
within this distance from the mountains in Southern



14 M. O. JONASSEN ET AL.

ornf @
1 /8
A

S

30°
61°N _'(c)T
20{ . : | T\
60°N R
ol ;!
30° 4°E 30° 5°F 30° 6°E 30°

Fig. 16.

61°N

40°

20"

60°N 7

40"

61°N

40°

20"

60°N 7

40

30° 49F 30° 5OF 30° 6°E 30°

Mean wind direction and wind ratio at the surface stations (black arrows) as a function of four ERA Interim 850 hPa wind

directions (thick, grey arrow): (a) northeast (35-55°), (b) southeast (125-145°), (c) southwest (215-235°) and (d) northwest (305-325°). The
wind ratio is indicated by the arrow lengths. For a wind ratio of 1, the black arrow has a length equal to that of the thick, grey arrow,

meaning that the wind speed is the same at the surface as at 850 hPa. All 850 hPa wind speeds are above Sms ™ .

Norway. In the northwesterly flow, the weakening of the
Coriolis force, as the flow impinges on the mountains,
contributes to a leftward turning. This is towards the
mountain range and thus supports the blocking. This is
opposite to the Coriolis effect in the Southwesterly flow,
where a turning to the left supports the left-side jet.

In summary, the effect of the atmospheric stratification,
N, has an impact through two different processes. Firstly, it
increases the Ni/U and thereby the magnitude of the oro-
graphic disturbances, including the above-described left-
side jet and the blocking. Secondly, it dampens the vertical
mixing of momentum and reduces, thereby, the surface
wind speed. In the southwesterly flow, the stability has, on
average, no effect on the mean surface wind speed. The two
processes appear, in other words, to compensate for each
other. In the northwesterly flow, both processes contribute
to a decrease in the surface wind as N increases: the
blocking is increased and vertical mixing is decreased. This
appears clearly in Fig. 11. In the southeasterly flows, the
impact of N may contribute to increased surface winds
through enhancement of gravity waves, but such effects are
presumably quite local, and at our stations damping of
the surface winds through less vertical mixing appears to be
more important.

1

An effect left out in the above discussion is that of latent
heat release. The release of latent heat has been shown to
decrease the deceleration of flow impinging on a mountain
and thereby facilitate for more of the flow to go over and
less to go around the mountain (Rotunno and Ferretti,
2001; Miglietta and Buzzi, 2004). This effect would
presumably be present in the target area, at least with
flow from a sector of 90° around west, where most moist
air masses originate. Thus, the release of latent heat may be
a damping on both the northwesterly blocking and the
coastal jet in the southwesterly flow. It is, however, unclear
if this effect is important for the non-saturated surface flow
that may be cooled by evaporation from precipitation at
the same time. An increased N would also contribute to less
vertical mixing of momentum and thereby lower the surface
wind speed. Further investigations based on numerical
simulations could shed some light on the importance of this
effect in the area.

4.3. Variations in the wind climate at local scale

As an example of variations in the wind climate at local
scale, the wind at Flesland, where the mountains are
relatively far away, has been compared to the wind at the
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valley station at Florida. Both stations show markedly
reduced wind speeds when compared to the flow aloft and
the other investigated locations, but there are differences
between them. The largest wind speed differences are found
in southwesterly and easterly flow, averaging to about
+4ms 'and —2ms !, respectively (Fig. 14). A possible
explanation for the differences seen in easterly flow could
be local downslope-accelerated winds, which have been
found in easterly flow at inland stations in the area close to
mountain slopes by Utaaker (1995). At Florida, these
winds may be enhanced as they penetrate through the gap
between two surrounding mountain ranges. Instances are
found where these winds cause differences exceeding
12ms ! (not shown). Such cases are, however, very rare.

The apparent sheltering of Florida in southwesterly flow
(with respect to Flesland) can be related to its surrounding
topography, as seen in Fig. 13. There are at least two likely
explanations for these differences. One is the mountain
massif to the southwest of Florida (marked ‘C’ and ‘D’ in
Fig. 13), potentially creating a wake over the city centre of
Bergen. Secondly, the mountain massif to the northeast
(marked ‘A’ in Fig. 13) is likely to create a local blocking of
the southwesterly flow. Whether this shelter effect is caused
by a downstream wake, an upstream blocking or a
combination of both is hard to assess using only the
dataset at hand. Numerical simulations may answer this
question. Interestingly, looking at Fig. 11 showing the
effect of increasing the atmospheric stability on the wind
speed at the ground, a markedly stronger increase in wind
speed for an increased atmospheric stability is seen at
Florida than at Flesland in southwesterly flow. The cause
of this stronger wind speed increase at Florida could be
related to a stronger channelling through the Bergen valley,
forced by a higher Nh/U deflecting the flow around and
channelling it in between the surrounding mountains. It
may also be related to gravity wave activity aloft.

Sea breeze circulation induces a high diurnal variability
in the local winds inland and at the coast in the summer
months. This is seen as a 1200 UTC wind speed maximum
(Fig. 7). At the mountain of Sotra, however, there is a
maximum in the afternoon (1800 UTC). As at Florida,
there is a clockwise turn in wind direction with time at
Sotra during summertime and at 1800 UTC, the local wind
is on average northwesterly (not shown). One possible
explanation for this apparent shift in timing of the Sotra,
the wind maximum is a local, orographic, wind enhance-
ment for this wind direction. This would be consistent with
the increase in wind ratio observed at Sotra for a shift from
westerly (1200 UTC) to northwesterly wind (1800 UTC)
(Fig. 8).

Interestingly, the diurnal variation in winds at Ulriken
appears to be inverted when compared with the inland and
coastal stations. The lowest wind speeds are observed

during daytime and the highest during night, which is
typically dominated by a relatively shallow, stable bound-
ary layer. The peak of Ulriken, thereby, resides in a
relatively undisturbed flow decoupled from the surface
layer in the valley. During daytime, when the boundary
layer grows higher than Ulriken, the wind speed at Ulriken
is affected by the valley surface, and a downward-directed
vertical mixing of momentum extracts energy from the
mean wind. This argument is supported by the fact that the
highest atmospheric stability, as estimated from the tem-
peratures observed at Florida and Ulriken, is on average
found during night-time (not shown).

5. Summary and conclusions

This article leads us to a series of conclusions of both
general value as well as more specific value for the
understanding of weather and climate of southwestern
Norway and the Greater Bergen area.

While previous studies have focused mainly on either
meso to synoptic- or small-scale phenomena (e.g. BG05
and Utaaker, 1995), this article has aimed at forming a link
between the large-scale flow and processes at small scales.
Central to this has been the verification of several
mesoscale flow structures frequently forming over the
area as numerically simulated by BG0S, using several years
of data from nine automatic weather stations along with
ERA Interim reanalysis.

A new concept for describing the flow patterns along the
Norwegian west coast has been introduced in the form of
four characteristic surface categories: offshore, coast, in-
land and mountain. The concept has allowed for a detailed
description of the flow in the investigated area and has
furthermore been justified through a remarkable resem-
blance in wind character at the locations within each of the
four categories.

The distributions of wind speeds in the area have been
quantified in terms of the Weibull probability density
function. The inland locations are found to be charac-
terised by small scale and shape factors of, respectively,
around 4ms ' and 1.5, indicating generally low but highly
variable wind speeds. The locations offshore and at the
coast are associated with higher and more stable wind
speeds, giving shape factors around 2 and scale factors
around 8 ms ~'. The mountain wind distribution is funda-
mentally different and appears as a hybrid between the
coastal/offshore and inland categories: It shares the shape
factor with the inland and the scale factor with the coast
and offshore locations.

Winds from the northeast and east are rare, not only at
sea level but also in the mountains and at mountain top
level in the free atmosphere (ERA Interim 925 and
850hPa). The south and southwesterly winds are the
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most frequent aloft, which is in agreement with the position
of the stormtrack.

The main findings on the relationship between the flow
at larger scale and at the surface can be inferred from Fig.
16. In northwesterly large-scale flows, there is virtually no
change in wind direction with height in the lower tropo-
sphere, whereas in southwesterly winds, there is strong
clockwise turning (veering) of wind direction with height.
This is clearly a topographic effect originating from the
roughly south/north-oriented South-Norwegian mountain
range and coastline, and the effect of rotation plays a
central role. For large-scale flow from the southeast and
statically stable flow from the northwest, surface winds are
much weaker than the winds in the free atmosphere. This
has been related to orographic blocking and wake. On the
other hand, for large-scale flow from the southwest and
northeast, the surface winds are relatively strong due to
orographic enhancement.

Looking at the deceleration of winds at the surface, one
would expect increased atmospheric stability to reduce the
wind speed at the surface for any given wind speed in the
free atmosphere due to damping of the turbulent vertical
flux of horizontal momentum. This is, however, not the
case in southwesterly flow, where the surface winds in
stable flows on average are approximately the same as in
unstable flows. However, in northwesterly flows, an
unstable atmosphere gives relatively high wind speeds at
the surface, and a stable atmosphere gives relative weak
wind speeds at the surface. These findings have been related
respectively to a left-side jet and orographic blocking.

On a smaller scale, the city centre of Bergen, as
represented by the Florida station, is definitely sheltered
in large-scale southwesterly winds. To what extent this is a
blocking or wake effect by the surrounding topography, or
a combination of both effects, remains unclear. Further
investigations based on numerical simulations might give
an answer to this.

Under weak synoptic flow, sea breeze dominates locally
inland during daytime in the summer.
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1 Introduction

July 25, 2012

ABSTRACT

Even though the coast of Western Norway is very windy, the centre of Bergen
is rather calm. To gain further understanding of this wind shelter, we study
the flow in the complex topography of Bergen during two southwesterly wind-
storms, using surface observations and high resolution numerical simulations.
The results reveal large spatial variability in the local wind field. In some areas,
there are periods of sustained winds of more than 25 m s~!, while at nearby
locations the winds are typically less than 5 m s~'. The centre of Bergen is
among the calmest areas. To investigate the effect of the individual mountains
upstream (Lgvstakken) and downstream (Flgyen) of the Bergen city centre,
they have stepwise been removed from the model topography. Areas with
relatively large wind speed reductions are found immediately downstream of
Lgvstakken and immediately upstream of Flgyen. At Florida, situated close
to the city centre, both a wake effect of Lgvstakken and a blocking effect
of Flgyen are evident, but the latter is most prominent. The total impact
of both mountains on the winds in the city is close to the sum of each of
them. A spillover effect of Lgvstakken acts to substantially increase the local

precipitation in the centre of Bergen.

The centre of Bergen, as represented by the weather station "Florida", appears to be

remarkably sheltered during strong southwesterly flow (Harstveit, 2006; Jonassen et al.,

2012). It is, however, unclear if this sheltering effect (hereby referred to as the "Bergen
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shelter") is caused by a wake of the upstream mountain massif of Lgvstakken, a blocking
by the downstream mountain massif of Flgyen or a combination of both. It is also unclear
whether the wind observations at Florida are representative for the city centre of Bergen as
a whole. These are the main questions to be answered in this study. The results may serve
as guidance for studies of local dispersion of pollutants and weather forecasting in the area.

There are numerous studies on how larger scale flow is affected by the south Norwe-
gian mountain range. Such investigations were initiated already during the early days of
the Bergen School of Meteorology (Bjerknes and Solberg, 1921; 1922). Their studies were
continued by Spinnangr (1943) and Andersen (1975). More recently, Barstad and Grenas
(2005; 2006) identified and explained several meso-scale flow structures frequently forming
over and around the topography of Southern Norway for flow within the sector south to
west. Studies on local scale flow in the Bergen area, on the other hand, are few and focus
mainly on thermally driven winds (Utaaker, 1995) and temperature inversions (Berge and
Hassel, 1984).

Many of the flow patterns forming in connection to topography can be diagnosed us-
ing the non-dimensional mountain height h=Nh /U (e.g. Pierrehumbert and Wyman, 1985),
where N is the Brunt-Viisald frequency, describing the buoyancy on a vertically displaced
air parcel, h is the mountain height and U is the flow speed of the airmass impinging on the
mountain (e.g. Lin and Wang, 1996; Triib and Davies, 1995; Olafsson and Bougeault, 1996;
Peng et al., 1995). High values of h facilitate for blocked flow leading to more of the flow
going around than over the mountain. For low values of ﬁ, the flow typically passes over
the mountain and weak gravity waves may form. In the complex topography of southwest-
ern Norway, these flow patterns frequently form at the larger scale as documented in the
aforementioned literature. The same flow patterns should be expected to form at the lesser
documented smaller scale, which we focus on in this study.

Topographically modified flow also affects precipitation (e.g. Jiang, 2003; Smith, 2006).
Orographic precipitation, i.e. precipitation that is formed as moist air is forced to ascend over
mountains, is an integral part of the climate of Western Norway, both in terms of mean values
(e.g. Reuder et al., 2007), as well as extremes (Steensen et al., 2011). The phenomenon is of
essential importance to a range of environmental factors of both direct and indirect influence
on people, such as the local hydrology, long-term trends in terrain evolution, development
of glaciers etc. Mountains enhance precipitation on their upwind side, but this enhancement
may extend downstream of the mountains’ crest as the precipitation elements are transported
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downwind while forming and falling to the ground (the ’spillover effect’) (e.g. Sinclair et al.,
1996). The mean annual precipitation in the city of Bergen is 2250 mm, which is almost
twice the value of precipitation at locations along the Norwegian southwest coast that are
far away from mountains, such as Stavanger (1250 mm). It is well recognized that the larger
scale topography of southern Norway has a central role in creating the high precipitation
amounts along the southwest coast of Norway where Bergen is situated (e.g. Teigen, 2005).
It is, however, not clear how large the contribution from the local topography is, e.g. through
the above described spillover effect.

The primary purpose of this paper is to investigate the above introduced Bergen shelter
effect. As a bi-product of this investigation, some results on precipitation will be presented.
We study the local flow field in Bergen during two southwesterly windstorms that hit the
southwest coast of Norway on 10 January, 2009 (Case 1) and 25 December, 2012 (Case 2).
Data from a dense network of automatic weather stations (AWS) along with high resolution
numerical simulations with the Weather Research and Forecasting model (WRF) (Skamarock
et al., 2008) are used. The latter storm, named Dagmar by the Norwegian Meteorological
Institute (met.no), caused floodings, property damage and even casualties along the coast
in the areas most severely affected. The former windstorm is believed to be a more typical

storm for the winter season in the region.

2 Atmospheric data
2.1 Case studies: Two southwesterly windstorms

On 10 January, 2009, a low pressure system to the south of Iceland and a high pressure
system over central Europe induced a strong southwesterly flow along the coast of South-
western Norway (Figure 1). This low pressure system moved slowly towards the northeast,
and the associated flow over the Bergen area remained fairly stationary throughout the
day. The system of 25 December, 2011, on the other hand, moved rather quickly eastwards.
The general flow direction over Southwestern Norway thus shifted from southwesterly in the

beginning of the day to westerly towards the evening.

2.2  Observations

There is a fairly dense network of AWSs in the Bergen area. The main AWS in Bergen
is situated in the city centre and called "Florida". At Florida, the observations are made on
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the top of the building of the Geophysical institute (GFI), University of Bergen, around 30
m above the surrounding ground. There is also a station on the top of the highest nearby
mountain, Mount Ulriken. In addition, there is an AWS at the airport of Flesland, some
10 km to the south of Florida, and at Mount Sotra, situated to the west of the latter.
Another station is situated at the Sotra bridge. All these stations were in service during the
windstorm on 10 January, 2009. From the windstorm on 25 December, 2011, data from a
network of 5 additional stations in Bergen are available from a research project at GFI.

An overview over the AWSs is given in Table 2 and their geographical locations are
indicated in Figure 2.

The observed wind speed presented in the following, is from the unprocessed raw data.
In the later comparison with the simulated wind speed, however, we have converted the
observed wind speed (u,) to the height of the lowermost half sigma level in the WRF model

setup (z=19.5 m.a.g.l.) using the following following formula:

Here, u, is the friction velocity (m s™') and zg is the roughness length in metres. The
value of zy used for each AWS is indicated in Figure 5. d is the zero displacement length
(m), i.e. the height adjacent to the obstacle (here building) at which the wind speed is zero.
d is set to 2/3 of 7y, where z is 30 m for Florida and Nordnes. In the calculations, we have
assumed neutral atmospheric stability, and hence v(z, 2o, L), in which the Monin-Obukhov
stability parameter, L, is set to zero. Setting L to zero is presumably a close approximation
to reality because the investigated weather situations contain relatively high wind speeds,
thus providing significant turbulent mixing of momentum.

During the two studied windstorms, the AWS observations reveal a large spatial vari-
ability in the wind field in the area (Figure 3). While the wind speed at the top of Mount

1

Ulriken reaches more than 25 m s™" in both cases, the wind speed at Florida, situated in

Lin any of the cases.

the middle of the Bergen valley, barely exceeds 12 m s~

The results from Case 2 allow for a more detailed investigation of the wind in the centre
of Bergen because they include more AWS observations from the area. The wind speed
observed in the northern part of the city centre (Nordnes) is stronger than at Florida. It
is in fact more similar to the wind speed observed at Flesland, which is situated some 10

kilometres to the south of Florida and is more exposed to the strong winds.
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While the wind speed at most AWSs decreases as the flow turns westerly in Case 2 (after
1800 UTC), it remains the same or is even slightly higher at Florida (the same is seen at the
mountain stations of Strandafjellet and Lgvstakken). When compared to the wind direction
at Ulriken, which is on average found to be in reasonable agreement with the larger scale
flow direction (Jonassen et al., 2012), the wind direction observed at the other AWSs show
large deviations towards a more south and southeasterly direction for the southwesterly flow
of Case 1. In the southwesterly flow of Case 2 (before 1800 UTC), the deviations are even
larger and it is particularly large at Florida. This deviation is undoubtedly caused by the
strong alignment of the flow to the Bergen valley at this location. In the westerly flow of
Case 2 (after 1800 UTC), there is, on the other hand, a clear agreement in the wind direction
for all stations. An exception is the AWS at Haukeland, where the wind speed is very low

at this time.

2.8  Numerical simulations

In order to further investigate the local wind in the Bergen area during the two studied
windstorms, and how it is modified by the surrounding topography, we have numerically
reproduced the flow during both case studies with high horizontal resolution using the WRF
model. The modeling system is fully compressible and is in this study run in non-hydrostatic
mode using three one-way nested domains with horizontal resolutions of respectively 4.5, 1.5
km and 500 m. The outermost and coarsest domain (720 x 270 km?) covers approximately
the extent of Southern Norway and the innermost domain (42.5 x 42.5 km?) covers a lim-
ited area centred around the city of Bergen. There are 61 vertical terrain following sigma
levels with an increased density towards the ground and the lowest level is at approximately
36 m above the ground. The prognostic variables for temperature, humidity and wind are
vertically staggered implying that they are calculated at each model half-level with the
lowermost at an altitude of approximately 19.5 m above the ground. The two simulations
cover respectively the 24 hour periods of 10-11.01.2009 and 25-26.12.2011 which of the first
6 hours are considered as spin-up. The RRTM scheme (Mlawer et al., 1997) is used for long
wave radiation, the Dudhia scheme (Dudhia, 1989) for short wave radiation, and the Unified
NCEP/NCAR/AFWA Noah land-surface model (Chen and Dudhia, 2001) with soil tem-
perature and moisture in four layers for surface physics. Furthermore, the Mellor Yamada
Janjic scheme (Janjic, 1990; 1996; 2002) is used for the parameterisation of the boundary
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layer. The WSM 3-class simple ice scheme (Dudhia, 1989; Hong et al., 2004) is chosen for the
parameterisation of microphysics with cloud water/ice, and rain/snow as prognostic vari-
ables. Operational analysis from the European Centre for Medium-Range Weather Forecasts
(ECMWF) with a horizontal resolution of 0.125 degrees is used to initialise and force the

model at its boundaries every 6 hour.

2.4  The stmulation results

2.4.1 Sensitivity to model topography and landuse data We have carried out a number of
sensitivity experiments in this study. The first set of experiments concerns the landuse and
topography datasets. These are the datasets describing the physiographical model surface in
terms of land coverage of e.g. sea, forest, agricultural landscape and cities, and topography
height. The landuse determines to a large extent the local surface energy and momentum
budget. Of probably the greatest importance to this study, which is focused on strong wind
speeds, are accurate descriptions of the surface roughness length for momentum (zg). In
WRF, zq is along with the albedo, the emissivity and other parameters prescribed for each
landuse type using a lookup table.

The most frequently used landuse dataset in WREF originates from the United States
Geological Survey (USGS), and has a horizontal resolution of approximately 1 km (30 arc
seconds). For high resolution simulations, the resolution and accuracy of this dataset is
previously found to be insufficient (e.g. Cheng and Byun, 2008; Arnold et al., 2012). To
further investigate the validity of this finding to the present study, a new dataset from
GlobCorine is used in an additional set of sensitivity experiments. This dataset is based on
data from 2009 and is thus of newer date than the USGS dataset (1992-1993). GlobCorine
has a horizontal resolution of approximately 300 m and it has fewer landuse categories
than the USGS set (13 vs. 24). In this study, we use the same look-up table for albedo,
roughness etc. for the GlobCorine data as for the USGS dataset. Each landuse category in
the GlobCorine dataset has been manually adopted to its closest approximate in the USGS
dataset, meaning that for example the GlobCorine "forest" has been set to "mixed forest"
and so on. A complete list of these conversions is given in table 3.

The roughness length for both the landuse datasets as well as the true roughness length
at each of the AWSs are indicated in Figure 5. The true roughness length is estimated
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Table 1. WRF sensitivity experiments with different landuse and topography datasets. See text for further explanations.

name landuse topography
USus USGS USGS
USAS USGS Aster
GLUS  GlobCorine USGS
GLAS  GlobCorine Aster

by using the values from the WRF lookup table that correspond to the realistic landuse
category at the location of each AWS.

Figure 4 shows the landuse over a zoom-in of the finest model domain (500 m horizon-
tal resolution) for the USGS and GlobCorine datasets. It can be seen that, even though
GlobCorine has fewer categories, it displays significantly more fine scale spatial details in
the land use field. Also, the GlobCorine coastline matches the high resolution coastline
from the Global Self-consistent, Hierarchical, High-resolution Shoreline Database, (GSHHS)
significantly better than does the USGS coastline.

In addition to the USGS topography dataset, we employ a topography dataset from the
Advanced Spaceborne Thermal Emission and Reflection Radiometer (ASTER). The dataset
is made in a joint effort between the Ministry of Economy, Trade, and Industry (METT)
of Japan and the United States National Aeronautics and Space Administration (NASA).
The horizontal resolution is 1 arc second (30 m) as opposed to the 30 arc seconds of the
USGS topography dataset. We have made a couple of adjustments to the USGS topography
and GlobCorine landuse datasets. The USGS topography dataset features in its standard
WRF setup an apparent westwards shift of approximately 500 m when compared to reality
(AWS station heights) and the ASTER dataset. We therefore corrected it accordingly in
the preprocessing of the model data input. Also, a smaller area (approximately 1x1 km)
surrounding Nordnes does not have an urban landuse category in the GlobCorine dataset.
Since this area is a part of the centre of Bergen, which is of central interest to this study,
the error was corrected accordingly.

The main results from the landuse and topography sensitivity experiments are presented
in Figure 6. The figure shows the average root mean squared error (RMSE) and mean error
(bias) between the available AWS wind speed observations and the corresponding model
point estimations.

The error statistics reveals only a marginal sensitivity to the applied model landuse and
topography datasets. In Case 1, using the GLAS setup gives both the lowest average RMSE
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(2.4 m s7!) and the lowest average bias (1.3 m s™!). In Case 2, there is no such consistent
improvement for any of the experiments. Relatively large wind speed biases are found at
Mount Ulriken, with the largest ones being around 6 m s™! in the USUS setup for Case 2.
Using the high resolution terrain dataset from ASTER has a clear advantage over using the
USGS dataset for Ulriken. At this location, there is a reduction in the wind speed RMSE

L'in both cases. In the further analysis of the model results, the

and bias of around 1 m s~
GLAS setup is used, which combines the two highest resolution datasets (GlobCorine and

ASTER).

2.5 The Bergen shelter

The simulated larger scale flow (Figure 7) compares reasonably well with surface stations
situated along the South Norwegian coast. The synoptic flow pattern in southwestern Norway
did not change much during the course of the day in Case 1. The flow during Case 2, on
the other hand, started out as southwesterly and ended as westerly. The simulation results
show that both cases are associated with strong wind with more than 30 m s~! off the
northwestern corner (west cape) and over the central mountain range of Southern Norway
(Langfjella). These flow patterns are typical for southwesterly storms in the region (Barstad
and Grenas, 2005).

In the Bergen area, the model matches in general the near surface observed wind speed
and wind direction well (Figures 8 and 9). As commented on in the above error statistics
analysis, the largest average deviations are found at mount Ulriken. Also the simulated wind
direction at Ulriken is off by some 20° towards the south in both cases. The model times
quite accurately the shift towards westerly winds around 1500 UTC in Case 2 at all stations.
An exception is Florida, where this shift is delayed by a couple of hours. The wind speed at
Florida is, however, less than 5 m s~! at this time.

A main goal of this article is to investigate how the mountains surrounding the centre of
Bergen impact the local flow field in the southwesterly storms. We have done this through
three different sensitivity experiments, in which the following modifcations to the model
topography have been applied (see Figure 2): 1) the Lgvstakken massif is removed (NOL),
2) the Flgyen massif is removed (NOF) and 3) both of them are removed (NOFL). The
results from these experiments are presented in the following.

From Figure 10, showing the near surface wind speed at 0000 UTC on 11 January, 2009,
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in the CTRL run and the difference between this and the three topography sensitivity ex-
periments, several deducations can be drawn. Firstly, the simulated local flow field evidently
features a considerable spatial variability (Figure 10 a), ranging from 2-20 m s~* thus sup-
porting the impression given from the above analysis of the AWSs observations. The highest
wind speeds are found along the coast and at the mountain tops. The lowest wind speeds
are found immediately up- and downstream of the local mountains and hills. The centre of
Bergen appears to be one of the calmer areas. Removing the mountain massif of Lgvstakken
(Figure 10 b) gives a wind speed increase in most parts of the centre of Bergen of 2-6 m
s~!. The highest increase is found closest to the massif itself. Removing Flgyen (Figure 10

1

c) causes a wind speed increase of up to 6 m s™' in an area immediately upstream of the

massif. When removing both massifs (Figure 10 d), the effect on the wind field in the Bergen

L are seen over larger parts of

valley is the largest and wind speed increases of up to 8 m s~
the city centre. The wind field in the northernmost part of the city centre (around the AWS

at Nordnes) is least affected by the model topography modifications.

The above findings allow for the definition of four areas with characteristic flow patterns
during the large-scale southwesterly flow, as indicated in Figure 11: The "Wake area’ is the
area immediately downstream of Lgvstakken, which is mainly affected by this massif. The
"Less calm area’ experiences the smallest effect of the surrounding mountains. The 'Block
area’ is mainly affected by 'Flgyen’ and ’Florida area’, which is the area representative for
the main AWSs in the centre of Bergen, is affected by both the presence of Lagvstakken
and Flgyen. The temporal development of changes in wind speed within each of the areas,
as caused by the topography modifications, is shown in Figure 12. The situation is fairly
stationary in most of Case 1, with a slight tendency towards an increased shelter effect and a
more westerly synoptic flow towards the end of the day. In Case 2, there is a complete change
in wind speed within the four areas at around 1600 UTC, as the synoptic wind turns from
southwest to west. The area categorisation made above for the southwesterly wind does no
longer hold for the westerlies. The location of the area affected by Lavstakken shifts further
to the south (Figure 13). Flgyen, on the other hand, affects an area further to the north and
the effect of removing both mountain massifs resembles a superposition of the two former
effects. Otherwise, for the southwesterly part of Case 2, the spatial flow patterns seen for
the topography modifications resembles closely that of Case 1 (not shown).
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2.6 The vertical flow structure

As in the above described horizontal near surface wind field, the wind speed reduction
in the vertical is largest immediately down- and up-stream of respectively Lgvstakken and
Flgyen (Figure 14). The vertical extent of the effect from removing Lovstakken is relatively
low when compared to the effect from removing Flgyen, which extends to levels roughly
twice that of the nearby mountain tops. Upstream of Lgvstakken, there is a sign of a small
blocking effect (equal to or less than 2 m s™!), which extends to elevations between 1.5
(NOL) and 2 times the height of this mountain (NOFL).

The combined effect of removing both mountain massifs (NOFL, Figure 14 d) is close to
the effect of the blocking alone and it is strongest at around 50 m.a.g.1., where it reduces the
wind speed by up to 8 m s™!. Above all mountain crests, there are signs of speedup when

comparing the runs with and without the original model topography.

2.7 Impact of the local topography on the precipitation field

It is evident that the local topography surrounding Bergen should have an impact on
the precipitation in the area. Although precipitation is not the main focus of this article, a
short analysis of this parameter is presented. Figure 15, shows the simulated precipitation
accumulated between 0600 and 2400 UTC on 10 January 2009. The largest precipitation
amounts are found downstream of the local mountain and hill tops. In most of the centre
of Bergen, the simulated 18 hour accumulated precipitation is between 15 and 20 mm,
which compares quite well with the observed amount at Florida of 18 mm. In the flat area
immediately upstream of Lgvstakken, the model predicts only roughly half of this amount.
Removing Lgvstakken from the model topography (Figure 15 b), brings the amount of
precipitation down by 10-12 mm in most parts of the city centre. Removing Flgyen, on the
other hand, has barely any impact at all (Figure 15 ¢). The results for Case 2 are similar to
those of Case 1, with no effect on the precipitation in Bergen from removing Flgyen and a

slightly smaller effect than in Case 1 from removing Lgvstakken (not shown).

3 Discussion

Numerical sensitivity experiments, where the atmospheric flow during two southwesterly
windstorms that hit southwestern Norway on 10 Januar, 2009 and 25 November 2011, has
been reproduced. The results show that the sheltering of the northwestern part of the city
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centre of Bergen is caused by the decelerating effect upstream of the the Flgyen massif, while
the sheltering in the southwestern part of Bergen is largely a wake effect of the Lgvstakken
massif. These findings seem reasonable, as these areas lie both close to the foothills of the
mountains with the largest impact on the wind. A more interesting result is that the total
sheltering effect of both mountains is close to the sum of the blocking effect of Flgyen and
the wake effect of Lavstakken. This is roughly valid in all central parts of the city as well
as aloft, above the Bergen valley. No existing theory supports this fact. There are indeed
several studies that reveal that stratified flow in the vicinity of two mountains can be very
sensitive to both horizontal and vertical scales of the topography. Through the modification
of gravity waves, a mountain downstream of a valley can thus both contribute to acceleration
and deceleration of the flow inside the valley. Such effects have been studied by e.g. Hunt
and Richards (1984), Grubisi¢ and Stiperski (2009) and Stiperski and Grubisi¢ (2011) for
idealised flows and Agiistsson and Olafsson (2007) for real flows. Seen from an energetic point
of view, a reduction of the speed or the kinetic energy by the wake of the first mountain
moves the flow deeper into a regime of orographic blocking as it meets the second mountain
and the non-dimensional mountain height is increased. A wake may also be enhanced or
sustained by a downstream mountain, blocking the low-level flow.

The simulated near surface wind speed compares relatively well with the observations
from a local AWS network. A sensitivity analysis using two different model topography
datasets (USGS and ASTER) and two different landuse datasets (USGS and GlobCorine)
shows only a marginal sensitivity in the wind speed error statistics to the choice of these
datasets. Previous studies have found larger differences when comparing lower and higher
resolution datasets (e.g. Cheng and Byun, 2008; Arnold et al., 2012). One consistent improve-
ment, however, is seen in the wind speed at Ulriken when applying the ASTER topography
dataset instead of the USGS dataset. This improvement is most likely caused by a more
accurate description of the topography in the ASTER dataset. In reality, Ulriken AWS is
situated at 605 m.a.g.l., whereas in the simulations using the USGS dataset it is at 459
m.a.g.l. and in those using the ASTER dataset it is at 470 m.a.g.l. In a study of extreme
winds in the Bergen region, Harstveit (2006) asserted that Ulriken experiences a local speed
up of winds from the sector south to west. He attributed this speed up to small scale features
in the local terrain. It is evident that a simulation, even at a high horizontal resolution of
500 m, will not accurately capture all such features. Larger improvements from using higher
resolution topography model datasets can probably be expected when going to even higher
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horizontal grid resolutions. Then, however, one approaches scales at which the normal ABL
model schemes are no longer suited and Large-Eddy Simulation (LES) schemes should rather
be applied. Such simulations are beyound the scope of the present study.

Although the studied windstorms are quite typical in terms of wind pattern (see cli-
matology by Jonassen et al. (2012)), there do exist cases where strong and gusty winds
in southwesterly flow reach down to parts of the centre of Bergen (e.g. Harstveit, 2006).
Such cases are, however, not common and they are presumably related to rare details in the
vertical profile of the flow and are left for future studies.

A significant downstream shift of the precipitation maximum around the mountain mas-
sif of Lgvstakken, largely affecting the city centre of Bergen, is found in the simulation of
the southwesterly windstorm of 10 January, 2009. This ’spillover effect’ is typical for strong
wind events as described by e.g. Sinclair et al. (1996) and during the Reykjanes experi-
ment described in Régnvaldsson et al. (2007). The removal of Lgvstakken from the model
topography confirms that this mountain is the source of the described precipitation pattern.
Removing the Flgyen mountain massif, which is downstream of the city centre, has hardly
any effect on the precipitation in the city. Previous simulations of orographic precipitation
with a clear spillover, as e.g. Rognvaldsson et al. (2007), have revealed a limited sensitiv-
ity of the precipitation pattern to the choice of microphysics parameterisation scheme. The
topographic and atmospheric conditions in Rognvaldsson et al. (2007) were quite similar to
those in the present study, but in order to establish a conclusive and quantitative result on
the impact of individual mountains of the precipitation climatology, many more simulations

would be needed.

4 Summary and conclusions

In this study, our main goal has been to investigate why the centre of Bergen is sheltered
during southwesterly windstorms. A series of numerical sensitivity experiments, in which we
have stepwise removed larger parts of the topography surrounding the city centre from the
model topography during two southwesterly windstorms, give some answers. The sheltering
of Bergen appears to be caused by a combination of a downstream wake of the Lgvstakken
mountain massif and an upstream blocking from the Flgyen massif. The combined effect is
close to the sum of each of them.

Regarding the initially posed question whether the AWS at Florida is representative of
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the Bergen centre as a whole, this is only partly true. The effect from each of the mountains
is strongest closest to their foothills. Hence, downstream of Lgvstakken a wake dominates
and upstream of Flgyen, there is a zone of blocking. At Florida, the blocking effect from
Flgyen is most prominent.

Through spillover, the Lgvstakken massif acts to increase the precipitation in the centre
of Bergen during both of the investigated windstorms. The Flgyen massif turns out to have
a minimum impact on the precipitation upstream of it. The strength of the spillover effect
is known to increase with increasing wind speeds. Thus, the effect is likely less pronounced
on the average than in the present strong wind cases.

A series of numerical sensitivity experiments using high resolution landuse and topogra-
phy datasets have been carried out. The wind speed error statistics reveal only a marginal
sensitivity to the choice of these datasets. This result may, however, be sensitive to the

horizontal grid resolution.
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6 Figure captions

Figure 1: Mean sea level pressure at 1200 and 1800 UTC on 10 January 2009 (a and b)
and 25 December 2011 (c and d). Based on analysis from the European Centre for Medium-
Range Weather Forecasts. The location of Bergen is indicated with a black diamond.

Figure 2: The topography of the area of main interest, the locations and names of the
AWSs (S1-S10), and indications of the geographical extent of the two dominating mountain
massifs in the area: Lgvstakken (1) and Flgyen (2). The dashed, red line indicates the
approximate extent of the centre of Bergen. The dashed, black line between the points "A"
and "B" indicates the position of the cross section in Figure 14.

Figure 3: Observed wind speed and wind direction during the investigated windstorms
on 10 Januar, 2009 and on 25 December, 2011 in the Bergen area

Figure 4: A zoom-in of the landuse of domain 3 (500 m horizontal resolution) using the
datasets of a) USGS and b) GlobCorine. See Table 3 for a list over landuse categories and
respective numbers indicated on the colorbar. The coastline from GSHHS is indicated with
a solid, black line.

Figure 5: Roughness length for momentum at the different AWSs for the simulations
using the USGS and GlobCorine landuse datasets. The real roughness length is indicated as
well.

Figure 6: Root mean square error (RMSE) and mean error (bias) for wind speed (ob-
served minus simulated) using four different combinations of model landuse and topography
datasets. Table 1 lists and explains the different experiments. Case 1 is 10 January, 2009
and Case 2 is 25 December, 2011

Figure 7: Simulated near surface (19.5 m.a.g.l.) horizontal wind speed at a) 1200 UTC
on 11 Januar 2009 and at b) 2100 UTC on 25 December 2011. The results are from the
outermost domain (4.5 km horizontal resolution). Observations from selected AWSs along
the coast are indicated with red wind barbs. Each barb is 2.5 m s™!. The location of Bergen
is indicated with a "B".

Figure 8: Observed and simulated wind speed at selected AWSs on 10 Januar 2009
(Case 1) and 25 December 2011 (Case 2). The simulation results are from the innermost
domain (500 m horizontal resolution)

Figure 9: As in Figure 8, but for wind direction.

Figure 10: a) near surface wind speed at 0000 UTC on 11 January in the CTRL sim-
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ulation, b) wind speed in CTRL minus NOL, c¢) wind speed in CTRL minus NOF, and d)
wind speed in CTRL minus NOFL. The dashed, red line indicates the approximate extent
of the centre of Bergen.

Figure 11: Areas of characteristic location and flow patterns. The terrain height is given
with contours every 100 m.

Figure 12: Difference in simulated near surface wind speed between the CTRL and the
sensitivity simulations with topography modifications averaged within the areas indicated
in Figure 11. The wind barbs at the top of the panels denote the simulated wind speed and
direction at 900 hPa averaged within a box centred at 4.3°E and 61°N. Each half barb is 2.5
m s~

Figure 13: Same as in Figure 10, but for 2100 UTC on 25 December, 2011.

Figure 14: a) cross section of horizontal wind speed at 0000 UTC on 11 January in the
CTRL simulation, b) wind speed in CTRL minus NOL, ¢) wind speed in CTRL minus NOF,
and d) wind speed in CTRL minus NOFL. The geographical location of the cross section is
indicated in Figure 2.

Figure 15: a) 18 hour accumulated precipitation at 0000 UTC on 11 January, 2009,
in the CTRL simulation, b) precipitation in CTRL minus NOL, ¢) precipitation in CTRL
minus NOF, and d) precipitation in CTRL minus NOFL.
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Table 2. Automatic weather stations. The height for Ulriken is set to 15 m.a.g.l., representing an average elevation above its
immediate surroundings.

Station Timeres. (min) Source m.a.s.l. m.a.g.l
Florida 10 GFI 48 30
Ulriken 10 AADI/GFI 605 15
Flesland 60 met.no 48 10
Sotra bridge 10 NPRA 50 50
Sotra 60 Avinor 341 10
Ulriksbakken 10 GFI 408 2.5
Haukeland 10 GFI 64 10
Lgvstakken 10 GFI 472 2.5
Strandafjellet 10 GFI 303 2.5
Nordnes 10 GFI 48 30

Table 3. Table used in this study to convert GlobCorine landuse categories to USGS landuse categories.

GlobCorine categories

USGS categories

© 00 O Uik WWN -

urban and associated areas

rainfed cropland

irrigated cropland

complex cropland

not converted

mosaic cropland / natural vegatation
mosaic of natural vegetation
grassland

heathland and sclerophyllus vegetation
not converted

not converted

not converted

not converted

not converted

not converted

forest

water bodies

vegetated low lying areas on regularly flooded soil
not converted

sparsely vegetated area

not converted

not converted

not converted

not converted

permanent snow and ice

urban and built-up land

dryland and cropland pasture

Irrigated cropland and pasture

irrigated cropland and pasture

mixed dryland / irrigated cropland and pasture
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Figure 1. Mean sea level pressure at 1200 and 1800 UTC on 10 January 2009 (a and b) and 25 December 2011 (¢ and d).
Based on analysis from the European Centre for Medium-Range Weather Forecasts. The location of Bergen is indicated with
a black diamond.
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Figure 2. The topography of the area of main interest, the locations and names of the AWSs (S1-S10), and indications of the
geographical extent of the two dominating mountain massifs in the area: Lgvstakken (1) and Flgyen (2). The dashed, red line
indicates the approximate extent of the centre of Bergen. The dashed, black line between the points "A" and "B" indicates the

position of the cross section in Figure 14.
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Figure 3. Observed wind speed and wind direction during the investigated windstorms on 10 Januar, 2009 and on 25 December,
2011 in the Bergen area.
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Figure 4. A zoom-in of the landuse of domain 3 (500 m horizontal resolution) using the datasets of a) USGS and b) GlobCorine.
See Table 3 for a list over landuse categories and respective numbers indicated on the colorbar. The coastline from GSHHS is
indicated with a solid, black line.
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Figure 5. Roughness length for momentum at the different AWSs for the simulations using the USGS and GlobCorine landuse
datasets. The real roughness length is indicated as well.
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Figure 6. Root mean square error (RMSE) and mean error (bias) for wind speed (observed minus simulated) using four
different combinations of model landuse and topography datasets. Table 1 lists and explains the different experiments. Case 1
is 10 January, 2009 and Case 2 is 25 December, 2011.
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Figure 7. Simulated near surface (19.5 m.a.g.l.) horizontal wind speed at a) 1200 UTC on 11 Januar 2009 and at b) 2100 UTC
on 25 December 2011. The results are from the outermost domain (4.5 km horizontal resolution). Observations from selected
AWSs along the coast are indicated with red wind barbs. Each barb is 2.5 m s~1. The location of Bergen is indicated with a
||Bll.
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Figure 8. Observed and simulated wind speed at selected AWSs on 10 Januar 2009 (Case 1) and 25 December 2011 (Case 2).
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Figure 10. a) near surface wind speed at 0000 UTC on 11 January in the CTRL simulation, b) wind speed in CTRL minus
NOL, c¢) wind speed in CTRL minus NOF, and d) wind speed in CTRL minus NOFL. The dashed, red line indicates the
approximate extent of the centre of Bergen.

© 0000 Tellus, 000, 000-000



SIMULATIONS OF THE BERGEN OROGRAPHIC WIND SHELTER 27

topography
Wake area
Block area
Florida area |
Less calm area

e

60°N |
23.00°

224 -

"

20

18.00

Figure 11. Areas of characteristic location and flow patterns. The terrain height is given with contours every 100 m.

AV BN EVENE AN SV I AVEYE Sl il

2f ‘ Blocking area’ ‘ Blocking area’ 2
T~ i B S " e 0
I — N I
w =2} 7 \’V NoL 1172 »
e - — T —— —] L {-4 €
=4 — — —NOF |74 =

6! 1 - —— NOFL |16
-8 : : : : : : : : ‘ ‘ -8
2f ‘ " Wake area ‘ ] i ‘ © Wake area ‘ 12

flms™

2f ‘ Less calm area ‘ i ‘ Less calm area ‘ 12
0 M
_2 L

IU)
E -4 ]
— —6 | i
-8
2f ‘ "Florida area " ‘ ] i ‘ “Florida area ‘ 12
— O~~~ e P T e e 0 +
Iw -2 Im
£ 1-4 E
Y— | —6 Y—
-8 ‘ ‘ : ‘ ‘ ‘ ‘ : ‘ ‘ -8
0600 0900 1200 1500 1800 2100 0000 0600 0900 1200 1500 1800 2100 0000

10 Jan. 2009, Time [HHMM UTC] 25 Dec. 2011, Time [HHMM UTC]
Figure 12. Difference in simulated near surface wind speed between the CTRL and the sensitivity simulations with topography
modifications averaged within the areas indicated in Figure 11. The wind barbs at the top of the panels denote the simulated
wind speed and direction at 900 hPa averaged within a box centred at 4.3°E and 61°N. Each half barb is 2.5 m s~ 1.

© 0000 Tellus, 000, 000-000



28

20

10'

20

10'

Figure 13. Same as in Figure 10, but for 2100 UTC on 25 December, 2011.
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Figure 14. a) cross section of horizontal wind speed at 0000 UTC on 11 January in the CTRL simulation, b) wind speed in
CTRL minus NOL, ¢) wind speed in CTRL minus NOF, and d) wind speed in CTRL minus NOFL. The geographical location

of the cross section is indicated in Figure 2.
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Figure 15. a) 18 hour accumulated precipitation at 0000 UTC on 11 January, 2009, in the CTRL simulation, b) precipitation
in CTRL minus NOL, ¢) precipitation in CTRL minus NOF, and d) precipitation in CTRL minus NOFL.
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Dynamic downscaling of atmospheric flow over Iceland has rezaled that
downslope wind maxima are not merely a seldom extreme evenbut rather
a prominent climatological signal. Based on two cases fromhe international
FLOHOF field campaign of flow over and around the Hofsjokull glacier, the
impact of surface roughness and surface fluxes on the flow field explored
by means of several numerical sensitivity experiments. Thexperiments show
a very strong sensitivity of the downslope flow acceleratiorto the surface
roughness: a rough surface almost destroys the downslope nadstorm at the
surface, but increases the winds aloft above the downstrearslope. Surface
heating too has a detrimental impact on the downslope flow aeteration, but
the effect is lower than for the surface roughness. The surfae heating’s impact
is higher for a rough surface than for a smooth surface. The vaability of the
impact of the surface fluxes on the wind speed can be understddy referring
to the vertical wind profile and turbulent mixing. This study is not only of
general relevance through its exploration of factors affettng downslope flow
acceleration of stably stratified flow, but it is also of inteest because glaciers
retreat rapidly in a changing climate. Copyright (© 0000 Royal Meteorological

Society
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1. Introduction The reduction or enhancement of mountain waves
through the above described processes, have potentially

large impacts on the general atmospheric circulation;
Several investigations have revealed a detrimental e‘ﬂthorographic drag is a significant sink in the atmospheric

surface friction on mountain waves and downslope ﬂol‘{’{omentum budget (e.g. Lilly 1972; Wahr and Oort 1984)

acceleration (€.g. Richaed al. 1989; Georgeliret al. 1994; On the smaller scale, modification of mountain waves

Olafsson and Bougeault 1997a; Epifanio and Qian 200§)1d the horizontal extension of downslope flows caused

Peng and Thompson (2003) hypothesized that the reductrB?/nchanges in the underlaying surface, can have a large

in mountain-wave amplitude and drag in the presenceimpact on local vegetation and general land coverage
surface friction is due to the reduction in the slope of t%aracteristics

atmospheric boundary layer (ABL) height as compared toMountain flows have been diagnosed through a number

the terrain height, which is based on the comprehensglfediﬁerem parameters. A central parameter in this resspec

standpoint of viewing separately the ABL and the strat|f|eig the non-dimensional mountain heighit,/U (.g. Smith

layer above. The suppressing effect of surface friction My Granas 1993), in whichV is the Brunt-Vaisala

waves in real flows has also been confirmed for a COIIeCtIPrgquency,h is the obstacle (mountain) height, abidthe
of flows during the PYREX campaign (Olafsson ang/pical wind speed of the upstream background flow. Based

Bougeault 1997b) and subsequently on several |nd|V|d%%l this parameter, Smith (1989) describes the following

cases of downslope flow. basic flow regimes: Low values d¥h/U enable the flow
The thickness of the ABL may be increased by heat froi@ pass over the mountain without any upstream stagnation
the surface, giving stronger waves when there is surfaed typically gentle gravity waves are formedh /U can
cooling or weaker waves when there is surface heatifi§. seen as a measure of the non-linearity in the flow, and
Among the first to document the effect of surface fluxdigear theory describes the response well in this range (Gil
on mountain flow analytically was Raymond (1972), wh&982). For values oN//U close to unity, the flow enters a
solved a non-diabatic form of Long’s equation. Using line&igh drag state. In this state, there are typically amplified
theory and idealised simulations, Doyeal. (2005) found and even breaking gravity waves and strong downslope
that adiabatic cooling acts to increase the wave amplitdtRw acceleration on the mountain’s lee side. For higher
and the potential of wave breaking for flow over Greenlaneglues of N1 /U, the waves become less prominent, while
They argued that the cooling acts to augment the effectf@ upstream blocking is a more dominant feature in the flow
mountain height. Smith and Skyllingstad (2011) did a serig®rphology.
of idealised 2D simulations of mountain flow and found In the present study, flow over the Hofsjokull ice cap
katabatic winds to significantly enhance downslope flaw Central Iceland is explored. The flow is simulated with
in the presence of surface cooling and a strong low-levehlistic surface conditions and compared to observations
inversion. These results on diabatic heating and coolititat were made during the FLOHOF field campaign in
are in agreement with downslope windstorms being md2@07 (Reudeet al. 2011). In a set of numerical sensitivity
frequently observed in the night than during daytime (egxperiments, the flow is also simulated with increased
Brinkmann 1974; Jiang and Doyle 2008; Valkonenhal. surface friction and no ice cover in the area presently
2010). To our knowledge, the combined effect of surfacevered by ice. The purpose of the study is primarily to
roughness and surface heat fluxes has not been stuéiquore the atmospheric flow field over a mesoscale ice cap

previously. and the impact of surface friction and surface heating on

Copyright(©) 0000 Royal Meteorological Society Q. J. R. Meteorol. So€0: 2-17 (0000)
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the flow. The study is motivated by indications of persisteBt Observations
downlope windstorms over Hofsjokull (Rognvaldsssiral.
i 3.1. The FLOHOF field campaign
2007) and at several other locations in Iceland (Agustsson
and Olafsson 2007, 2012; Roégnvaldssairal. 2011), but The observational data used in the present study, were
no less of the predictions of climate change leading to tbbtained during Flow Over and around Hofsjokull
disappearance of the ice cap, leaving a surface that is (€itOHOF), an international field campaign that took place
only significantly rougher, but also warmer during daytimeom 21 July to 24 August, 2007 on and in the vicinity
in the summer. of the Hofsjokull glacier in Central Iceland. The main
aim of the campaign was to investigate the response of
gravity waves above a mountain to changes of mean inflow
with time and wave transience. The campaign was the first

2. Climatology of summertime northeasterly flow over . . )
to address this topic by observational means. Hofsjokull

Iceland and Hofsjokull
(1,782 m.a.g.l.) rises some 1000 m above its surroundings
and has a diameter of approximately 30-40 km. Its unique,
We will first consider high resolution (3km in thenearly circular shape and smooth ice-covered surface makes
horizontal) dynamic downscaling of data from the RA¥ an ideal field laboratory for the study of mountain flows.
project (Rognvaldssoet al. 2007) to briefly investigate theThe Jimit of permanent snow/ice follows roughly the 1000

climatological mean wind patterns over Iceland in genefl contour. A more detailed description of FLOHOF can be

and Hofsjokull in specific for northeasterly summertimgyund in Reudeet al. (2011).

flow.

3.1.1. Automatic weather stations
Figure 1 shows the mean near surface wind speed over

Iceland for situations with wind speeds above 5 and During the FLOHOF campaign, a network of 19 automatic
wind directions within the sector 45+/- 22.5 over the Weather stations (AWS) was erected on and around the
top of Hofsjokull for the months June, July, August anglacier, recording the basic meteorological parameters
September. At the coast, the lowest wind speeds are fol@perature: wind direction, wind speed, relative hurgjdit
in the northeast and in the southwest of Iceland. The¥@ssure and precipitation. The AWSs were placed to obtain
minima’s geographical locations and spatial extensioP8 as homogenous network of measurements as possible,
suggest that they are associated with large scale blocKtg with the restriction of accessibility. Consequentlgrén
and wake effects. Offshore, the strongest winds are fouagome lack of observations in the western and eastern parts
along the southeastern and northwestern coast. Onsherepftihe glacier that proved hard to reach. The AWSs were
strongest winds are found above the downstream slopensipected regularly during the campaign to ensure consinou
the larger ice caps. A closer look at the Hofsjokull are#ata series, but icing at the wind sensors did occur at some
(Figure 2), shows relatively low wind speeds immediateipstances, especially during northerly flow on the AWSs
upstream and a few kilometres downstream of Hofsjokgituated on the glacier.
indicating local blocking and wake effects. The strongest

3.1.2. Small Unmanned Meteorological Observer -
wind speed is located downstream of the mountain top.

SUMO
The cross-section (Figure 3) shows that the downslope
acceleration is relatively shallow, while the wake extend$ie atmospheric profiles used for model validation in the

far aloft. present study were obtained from a location southwest

Copyright(©) 0000 Royal Meteorological Society Q. J. R. Meteorol. So€0: 2-17 (0000)

Prepared usingjjrms4.cls



4 MOJ et al.

24°W 22°W 20°W 18°wW 16°W 14°W

Figure 1. Mean near surface wind speed [m'g over Iceland for cases with northeasterly flow. The results are bas&CWMF analysis data downscaled with
WRF at a 3 km horiontal resolution for the years 1995-2008. The major glaciers are outlined.
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Figure 2. Same as in Figure 1, but for an area around the Hofsjokull glacier in Centrahttel
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Figure 3. Same as in Figure 2, but for a vertical cross section of horizontal winds asjdkull.

of Hofsjokull (Figure 4) using the Unmanned Aeriahtmospheric profiling resembles a helix that corresponds

System (UAS) SUMO. The SUMO flight pattern used fao an atmospheric column with a radius of 50-100 m.
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Due to SUMO'’s configuration, reliable wind observationsumerical simulations by Reiknistofa i vedurfreedi (RV)

are available from approximately 100 m.a.g.l. and wphich are used for operational forecasting at the Icelandic
to around 100 meter below each profile’s maximuieteorological Office (Vedurstofa islands) and published
altitude. Temperature and relative humidity observationsline at: "http://belgingur.is" (the HRAS-system). The

are available from the whole vertical extent of the profilesxtents of the Icelandic ice caps in the default WRF landuse
More detailed information on SUMO can be found idataset from the U.S. Geological Survey (USGS) are far too
Reuderet al. (2009) and Mayeet al. (2011). large. In this study, we therefore use an updated version of

the USGS landuse dataset with more realistic ice cap extents
4. Numerical simulations provided by RV.

4.1. High resolution simulations

The atmospheric flow above Mt. Hofsjokull on 13 and 14-1.1.  Sensitivity experiments
August, 2007 is simulated at high horizontal resolution
using the WRF-model (Skamaroek al. 2008). The model Four numerical simulations have been made, each with
is initialized and forced at its boundaries with model levéliffering combinations of model landuse and roughness
data (91 vertical levels) from the ECMWF operationaéngth of momentum (@ over the Hofsjokull ice cap.
analysis with a horizontal resolution of 0.125 degreess It$imulation 1) is the control simulation, here named
run at a resolution of 9, 3 and 1 km with respectively 85"6mooth glacier (CTRL)" for consistency with the names
90, 187 x 157 and 82 x 82 gridpoints in the 2-way nested the other simulations. In the Smooth glacier simulation,
domains (Figure 5). the original 'Snow or ice’ landuse is kept and thg z
There are 5ls-layers in the vertical, which are terrairover the ice cap is 0.001 m. In simulation 2), "Rough
following at lower levels but flatten gradually towards theoglacier”, the original 'Snow or Ice’ landuse on the ice cap
top of the model at 50 hPa. The lowermost model half levefi Hofsjokull is replaced with the land surface dominating
is at about 9 m.a.g.l. The model is run for a total of 48 surroundings, named 'Mixed Tundra’, which has @ z
hours, starting on 13.08.2007 at 0000 UTC and the firsp60.15 m. In Simulation 3), "Rough glacier", the landuse
hours are considered as spin-up and thefore not includedept as default, i.e. with an intact ice cap, but with
in the analysis part of this study. The Mellor-Yamad#& % for the 'Snow or Ice’ landuse category set to 0.15
Janjic scheme (Jagji2001; Mellor and Yamada 1982;m. In simulation 4) "Smooth noglacier", the landuse over
Janjt 1994) is used for boundary layer parameterisatidriiofsjokull is set to a dummy landuse category that shares all
The RRTM scheme (Mlaweet al. 1997) is employed for properties with 'Mixed Tundra’, exceppzwhich is equal to
long wave radiation, the Dudhia scheme (Dudhia 1989) fdat of 'Snow or Ice’. An overview of the simulations and
short wave radiation, and the Unified NCEP/NCAR/AFWaheir respective landuse properties are given in Table 1.
Noah land-surface model (Chen and Dudhia 2001) with

Table 1. Numerical sensitivity experiments. The surface typerseo

soil temperature and moisture in four layers for surfagfee model landuse covering the extent of the Hofsjokull ice, ep
shown in Figure 4.

physics. The parameterisation of microphysics is done

. . . . __Name 7 (m)  Surface type
using the WSM 3-class simple ice scheme (Dudhia 198%mooth giacier (CTRL)  0.001 __ snow or ice

. . . Rough noglacier 0.15 mixed tundra
Hong et al. 2004), which includes cloud water/ice, andRough glacier 0.15 snow or ice
Smooth noglacier 0.001 mixed tundra

rain/snow as prognostic variables. Apart from the innetmos

domain, the setup is nearly identical to that of the

Copyright(©) 0000 Royal Meteorological Society Q. J. R. Meteorol. So€0: 2-17 (0000)
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Figure 4. Map over the Hofsjokull area (corresponding to domain 3). The blue, dotted dinclieate the following five areas: 1) Upstream, 2) Upslope, 3) Mountain
top, 4) Downslope, and 5) Downstream. The solid, black rectangle running from the sstitovthe northeast marks the location of the time averaged wind profiles
in Figure 11 and vertical cross section in Figure 14. The red diamond is the WABSaunch location. The location of the Hofsjokull ice cap and thus the area
affected by the model landuse modifications done in the sensitivity simulationsiisled by a grey, solid line. Atmospheric data from a 1000 m high vertical aolum
spanning the red rectangle in the upper right corner are used to estimate ugkiveaonditions.

5. Results more clearly seen. The simulated flow compares reasonably
well to available AWS data spread around Iceland for
5.1. Case studies, 13 and 14 August, 2007 domain 2 and the stations on and around Hofsjokull for
] domain 3. The wind speed measured by the AWS on the
During 13 and 14 August 2007, Iceland was embedded
] lee-side slope of Hofsjokull confirms the relatively strong
in a northeasterly flow set up by a low pressure over the
o ) ~wind there. A more detailed model validation against the
British isles and a high pressure over Greenland (Figure
) ) ) ) AWS data can be found in Mayet al.(2010), who used the
5). Figure 6 gives a detailed overview of the near surface
) same basic model setup as in the present study to simulate
flow over Iceland on 13 August. It shows the simulated
) o cases from FLOHOF.
near surface (9 m.a.g.l.) wind speed and direction at 1200
UTC in domain 2 (3 km horizontal resolution). The Wln%lzl The flow aloft in the lee of Hofsjokull
field bears close resemblence with the average winds for
northeasterly flow situations as calculated from downstaleuring both 13 and 14 August, several soundings were
climate simulations for Iceland (Figure 1). Offshore, th@ade with the UAS SUMO downstream of Hofsjokull.
strongest winds are found in the southeast and the weaKdstse soundings (Figures 8 and 9) reveal a multi-layered
winds in the wake to the south of Iceland. Over landtmospheric structure from the ground level and up to
the strongest winds are located above the downstrearnund 1200 m.a.g.l., which is slightly higher than the
slopes of the large ice caps. In domain 3 (Figure 7, 1 Kmeight at which Hofsjokull reaches above its surroundings.
horizontal resolution), located over the area of Hofsjgkul The wind direction below 1200 m.a.g.l. varies between

the downstream acceleration of winds over the ice capnisrtheasterly and southeasterly in the first two profiles®n 1
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Figure 5. Mean sea level pressure (hPa) on a) 13 and b) 14 August 2007 at 1200 UTC obtained fronFEaDslVis. The locations of the three WRF domains are
indicated in a).

Figure 6. Simulated near surface (9 m.a.g.l.) winds from the CTRL simulation at 1200 UTC on 13 tAieguwdomain 2 (3 km horizontal resolution). Surface
observations from automatic weather stations are indicated with wind tzabls.half barb is 2.5 ms'. Terrain contours are given every 250 m.
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Figure 7. Same as in Figure 6, but for domain 3 (1 km horizontal resolution).
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Figure 8. Observed and simulated vertical profiles of temperattig] fand relative humidity [%] on 13 and 14 August 2007 downstream of Hofsjokull (location
indicated in Figure 4). Red lines show the observations and dashed, black linethshgimulated profiles from the grid point closest to the observation location. The
grey bands represent the minimum and maximum values within an atmospheric cplanming 4x4 km in the horizontal and centred at the grid point.

August (1325 and 1307 UTC) and the wind speed is belovirbm 13 August. Correspondingly, there is a weak inversion
m s~!. The wind direction is more easterly (approximatelgnd a drop in humidity at the top of this layer.

45 °) in the last profile on 13 August (1725 UTC) below ) ) )
At higher elevations, 1800-2000 m.a.g.l., there is a

1200 m.a.g.l. than in the two first ones, coinciding more ) ) o o

stronger temperature inversion. This inversion is sitliate
closely with what can be considered as the synoptic wind . ) )

slightly below a wind maximum exceeding 10 nt's
direction found further aloft. This lower layer (below 1200

A similar inversion is seen in the Keflavik sounding in
m.a.g.l.) is capped by a wind minimum in all three profiles ) . o

Southwest Iceland (not shown), which might indicate the

presence of a larger-scale subsidence inversion. On 14
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Figure 9. As in Figure 8, but for wind speed [m$] and wind direction {].

August, the winds at lower levels are stronger than on thed&raged over the three lowest model levels (9, 35 and 70
and the wind direction is north-and northeasterly througghan) for the whole simulation period.

the probed atmospheric layer. The model simulationsyya jowest wind speeds are found up- and downstream of

suggest that the lower parts of the profiles from 13 Auguygt mountain. Over the mountain surface, the low friction
were embedded in the wake of Hofsjokull and the profileg, ,jations have generally higher wind speed than the
from the 14 August were to the west of the wake. Thgqh friction simulations. Upstream of the ice cap, the
profiles on 14 August were in fact taken a few kilometr&giterence in wind speed between the simulations is largely

to the east of those on 13 August, which may partly explaigg|igible. The sensitivitiy to the surface friction isgast

these differences. over the lee-side slope of the mountain, where the wind

The large spatial and temporal flow variability takeBheeq is consistently lower in the high than in the low
intoconsideration, the model reproduces the obserygdion simulations. The sensitivity in the wind speed to
temperature, humidity and wind patterns quite well. Thge g rface cooling/heating is lower than that to the fiai
simulated spatial variability in wind is particularly 1&gt 4150 this sensitivity is mainly visible over the lee-
below 1200 m.a.g.l,, as indicated by the grey bars arougfle sjope. There, a cooler/warmer surface leads to a wind

the simulated profiles, showing the minimum and maximugbeed increase/decrease of around 1h #nterestingly,

values within an atmospheric column of size 4x4 km. o sensitivity to the heat flux is strongest when the

mountain surface is rough. The temporal variability in the

5.3. The simulated flow over and around Hofsjokull;
above described wind patterns are investigated through the

sensitivity to surface characteristics

definition of five areas covering approximately 50 ¥m
The main results on the sensitivity of the flow ovesach of which are associated with characteristic locations
Hofsjokull to the surface characteristics can be deductaadd flow patterns. The areas are named: 1) Upstream,

from Figure 10. It shows the wind speed across Hofsjoka@) Upslope, 3) Mountain top, 4) Downslope, and 5)
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10 MQOJ et al.

Downstream. Figure 11 shows timeseries of the near surface/here g, # and z are the acceleration of gravity, the
wind speed, which is calculated as the average near surfastential temperature and the altitude. In the calculadibn
wind within the five areas for the four different simulationsVh /U, we have set to 1000 m.

In the Upstream, Upslope and Mountain top areas, the
) ) ) ) The stability N, features a typical diurnal signal; the
highest wind speeds are found during daytime and the
) ) ) lowest values ofN are found during nighttime and the
lowest during nighttime. In the Downslope and Downstream
) ) ) ) ) highest values ofV during daytime. The values df h/U
areas, there is no clear diurnal signal in the wind speed in
) ) ) . follow the same temporal pattern. The upstream wind speed
any of the simulations. In the low roughness simulations,
) ) ) ) ) U, varies between 8 and 12 nt's Only very small
there is a near consistent shift of the wind maximum from
i , . differences are found in the upstream flow parameters
the Mountain top to the Downslope area. In the simulations
) ) _between the different simulations. The wind speed in
with high roughness length, on the other hand, the wind
] ) .. the Upstream area is strongly negatively correlated with
speed in the Mountain top and Downslope areas is similar
) . . Nh/U for all four simulations (correlation coefficient
during larger parts of the time (Figure 11 f).
of approximately -0.87), indicating the presence of an

As described in the introduction, variability in flonupstream blocking in the night hours. Such upstream
over mountains can be related to the upstream flé®kpcking is indeed seen in the simulated horizontal wind
characteristics. Figure 12 shows timeseries of the fohigwifield, showing flow stagnation and splitting upstream
simulated upstream flow parameters: the wind spEed reaching almost the mountain crest during most of the night
the Brunt Vaisala frequencyv and the non-dimensional(not shown).

mountain heightNh/U. Calculating N and U for real
Figure 13 shows the near surface wind speed (appr.

atmospheric flow can be a challenging task and several
9 m.a.g.l.) over Hofsjokull at 1200 UTC on 13 August

solutions have been proposed. In this study, we use the
2007 for the four different simulations. The flow at this

vertical averaging operator: . . . .
time is found to be typical for the present cases. The

wind field patterns are similar to those found through

A= ! /Z Adz (1) the above investigation of the wind speed in the four
Z* . 0

characteristic flow areas: the highest near surface wind

. speeds are located over the lee-side slope of Hofsjokull in
to calculate N and U. The calculations are done P P )

the simulations with low surface roughness. Furthermore,
separately for each parameter for all model levels between

the surface and 1000 m.a.gl within an atmospheHc‘:ere is a slight tendency for the lee-side winds to reach

column located upstream of Hofsjokull (Figure 4). Separaftuerther downslope (3-5 km) in the simulations with an

. . intact i mooth glacier and Rough glacier), when
averaging ofV andU below mountain top level to calculate tact ice cap (Smooth glacier and Rough glacier), whe

Nh/U has also been done by e.g. Chen and Smith (19§9)m
ncaap (Smooth noglacier and Rough noglacier). This trend

pared to the corresponding simulations without the ice

and Georgeliret al. (1994) and is discussed in Olafsson a
is more evident in the vertical cross sections in Figure
Bougeault (1997a). 9
14. In these cross sections, a feature not seen in the near
N, the Brunt Vaiséla frequency, is defined as: surface wind field becomes evident: there is a zone of high

wind speeds over the downstream slope and downstream

of Hofsjokull near the top of the boundary layer in the
g db
N = — 2 . . . .
Oaquvg dz simulations with a high surface roughness.
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Figure 10. Cross section of mean simulated near surface wind speed [h(average over the three lowest model levels) on 13 and 14 August, 2007 for the four
different WRF simulations. The location of the cross section and areas 1)edpst2) Upslope, 3) Mountain top, 4) Downslope and, 5) Downstream are indicated in
this figure’s lower panel and in Figure 4. The location of the ice cap is indiegitbca solid, grey line in the lower panel.

In the simulations with low surface roughness, there Wherep is setto 1.2 kg m?, h is set to 1000 m and/
are signs of wave breaking aloft over the leeward slopadU are calculated as described abakg.is set to 20000
of Hofsjokull in the form of backwards tilting/overturningm, which is the approximate radius of Hofsjokull.
isentropes. The waves are not as steep in the high roughnes3verall, the upstream pressure appears not to be sensitive
simulations. to the surface of the mountain. Downslope, there is only
small sensitivity of the pressure to the underlying surface
This sensitivity is however not systematic, i.e. the drag is

5.4. The drag not systematically reduced as the friction is increased.

6. Discussion
Figure 15 a) and b) shows the mean sea level pressure

(MSLP) in the Upstream and Downslope areas dihe detrimental effect of surface friction on downslope flow
Hofsjokull. The difference between the upstream and tlewell known and in that aspect the present results are in
downslope pressure (Figure 15 c)) can be considered!#§ With studies such as Richael al. (1989), Georgelin
represent the drag force exerted by the mountain upon #&!-(1994), Olafsson and Bougeault (1997a), and Peng and
atmosphere. This drag is normalised with the linear dra§©ompPson (2003). The negative impact of surface heating is
and presented as a function &/U in Figure 15 d). For also in line with previous research such as Raymond (1972),

the linear drag, we use the 2D estimate as follows: Smith and Skyllingstad (2011), Valkonenal. (2010), and
Doyleet al. (2005).

1 ) In this study, the two aforementioned effects have
Daop jin = proNUh x L, (3 .
been compared systematically for flow over a mesoscale
glacier covered Hofsjokull mountain in Iceland for typical
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Figure 11. Simulated near surface wind speed [m'$ (average over the three lowest model levels) on 13 and 14 August, 2007 for diae @an and near Mt.
Hofsjokull associated with five characteristic locations and flow padter) Upstreamb) Upslope,c) Mountain top,d) Downslope ana) Downstream for the four
different simulations. The location of the respective areas are indidatédjure 4. Panel f) shows the difference between the Mountain top and Downsioge w
speeds, i.e. the downslope acceleration of the wind.

summertime conditions. Under these conditions, the l@avsmooth mountain surface. Turbulence due to surface
surface roughness, and not the presence of a consistemdigting counteracts this windshear by bringing constantly
cold mountain surface, is the main contributor to downslopgh momentum flow down to the surface where it subject
flow acceleration. For larger glaciers, this may not be true; frictional deceleration. Above the smooth surface, the
the larger the mountain is, the greater is the impact of thertical windshear is weaker and the thermals have a smaller
surface heat fluxes on the stratification of the flow amepact on the generation of frictional turbulence at the
the gravity waves (Doylet al. 2005). The present resultsurface. The above indicates that the TKE is increased
show that the surface heating is much more efficient sanbstantially when surface heating is turned on and the
reducing the downslope wind speed if the surface is rouglurface is rough, while the corresponding increase of TKE
than if the surface is smooth. This calls for an explanatidoy surface heating is relatively small if the surface is
Figure 16 shows the vertical wind and turbulence kinetiznooth. Figure 16 b) confirms this. The generation of TKE
energy (TKE) profiles above the Downslope area odsultsinareduction ofthe momentum of the mean flow and
Hofsjokull. As expected, the vertical windshear in thiewer wind speed. Consequently, the heating of the surface
lowest ca. 100 m is much greater in the simulations witives a greater wind reduction if the surface is rough than

a rough mountain surface, than in the simulations withthe surface is smooth. Upstream, this combined effect of
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Figure 12. Simulated upstream flow parameta)d/, b) N andc) Nh/U. Each parameter has been calculated separately and averaged meetedlevels between
the surface and 1000 m.a.g.l within an atmospheric column located upstream of Hofdfdkure 4)

surface roughness and surface heat fluxes are similar, kathbatic contribution to the total flow in our study, but
of a much smaller magnitude. The surface roughness dtes katabatic winds may be a part of the reason why the
not only reduce the wind speed over the downslope, busitrface heating (simulations without the glaciated seffac
lifts the low level jet further aloft (Figure 16). This fea give consistently a greater deceleration of the wind on the
agrees with earlier simulations of flow over free-slip soefa downstream side, than on the upstream side.
and rough surface (Peng and Thompson 2003) too and more
specifically for different surface roughnesses in Kurbiatsk AS €xpected, the maximum normalised drag is found at
and Kurbatskaya (2011). values of Nh/U below 1, while for greater and increasing
values of N1 /U, the drag decreases gradually. The impact
In their study of the observations from FLOHOFRf friction in the high drag state corresponds with the well
Reuderet al. (2011) found that the heating of the surfacestablished effect of friction on mountain waves (Richard
surrounding the Hofsjokull ice cap leads to katabatic wines al. 1989) and agrees with the results of Olafsson and
that reach typically a maximum of 4—6 m'sat the edge of Bougeault (1997a) on drag force. Our data indicates greater
the glacier. These winds blow away from the glacier in alrag with increased roughness for high valiés,/U, but
directions directed towards lower altitude and consedyenhe impact is not as great as could have been expected in the
they contribute to increasing the downslope winds, amtw of the results of Olafsson and Bougeault (1997a). The

reducing the upstream winds. It is difficult to estimate trdifference between Olafsson and Bougeault (1997a) and the
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’ |7/:_‘__7'\l
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Figure 13. Simulated near surface wind speed (m'} (lowest model half-level, 9 m.a.g.l) over Hofsjékull at 1200 UTC on 13.08.2007 &pthe simulationsa)
Smooth glacier (CTRL)b) Rough noglaciec) Rough glacied) Smooth noglacier. The grey, solid line around Hofsjokull indicates the location at¢heap. The
terrain height is given with contours every 250 m.

present results, may be related to the range of values of iadsjokull mountain in central Iceland. The investigason
surface roughness or the limited spatial extent of the sarfdnave focused on two real flow cases from the FLOHOF
roughness changes in the present study. campaign, summer 2007. The results reveal that the wind

speed maximum on the downstream side of the mesoscale

7. Summary and conclusions ice cap is primarily a result of low surface roughness

. . over the ice. The impact on the wind upstream of the
Recent dynamical downscaling of the flow over Icelancy P P

o . . mountain top is small in all the experiments. Furthermore,
indicates persistent downslope winds over the larger ice

. . .we find that the impact of surface fluxes increases with
caps. In this study, our main goal has been to flnde P

. . . an increased surface roughness; the enhancement of the
the reason for this flow pattern. Previous studies have 9

L . downslope winds is larger when going from a warm surface
shown both surface friction and surface heating to have P 9 going

. . to a cold surface when the surface is rough than when it
a detrimental effect on mountain waves and downslope

. is smooth. We explain this by refering to the vertical wind
accelerated flow. Ice caps are characterised by both a P y 9

. ofile and different turbulent mixing. The results from the
relatively cold and a smooth surface, and hence bc% ¢

. .__present study are relevant not only for the understanding of
effects should potentially be present. Through a serlespo‘fa y y g

. . . f rs affectin wnsl| leration of I i
numerical sensitivity experiments using the WRF modeﬁCto s affecting downslope acceleration of stably teat

. . . flow, but also because the glaciers are observed to reatreat
we have investigated the flow over the meso-scale S|ze(yv 9
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Figure 14. Vertical cross section of simulated wind speed (frt sover Hofsjokull at 1200 UTC on 13 August, 2007 from the simulatiapSmooth glacier (CTRL)
simulation,b) Rough noglaciec) Rough glacier and) Smooth noglacier. The grey, solid line along the mountain surface indicates #tioof the ice cap and thus

the area affected by the landuse madifications. The dark grey, solid line isothel aiagnosed boundary layer height. The geographical location of the cross section
is indicated in Figure 4.

in response to a warming climate. The resulting impacts bodhia J. 1989. Numerical study of convection observed dutireg t

the local scale to changes in the ice caps in Iceland can pwinter monsoon experiment using a mesoscale two-dimensional
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expected to be seen in e.g. vegetation patterns.
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Abstract

In this study, it is demonstrated how temperature, humidity and wind profile data from
the lower troposphere obtained with a light weight Unmanned Aerial System (UAS) can
be used to improve high resolution numerical weather simulations by four dimensional data
assimilation (FDDA). The combined UAS and FDDA system is applied to two case studies of
northeasterly flow situations in Southwest Iceland from the international Moso field campaign
on 19 and 20 July, 2009. Both situations were characterised by high diurnal boundary layer
temperature variation leading to thermally driven flow, predominantly in the form of sea-
breeze circulation along the coast. The data assimilation leads to an improvement in the
simulation of the horizontal and vertical extension of the sea-breeze as well as of the local
background flow. Erroneously simulated fog over the Reykjanes peninsula on 19 July, that
leads to a local temperature underestimation of 8 K, is also corrected by the data assimilation.
Sensitivity experiments show that both the assimilation of wind data and temperature and
humidity data are important for the assimilation results. UAS represents a novel instrument
platform with a large potential within the atmospheric sciences. The presented method of
using UAS data for assimilation into high resolution numerical weather simulations is likely
to have a wide range of future applications such as wind energy and improvements of targeted

weather forecasts for instance for search and rescue missions.
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1. Introduction

A numerical weather model’s ability to accurately simulate atmospheric dynamical and
physical processes depends critically on several factors. These are amongst others the spatial
grid resolution and the parameterisation schemes used to represent processes connected to
e.g. clouds, radiation, precipitation and turbulence (e.g. Pleim and Xiu 1995; Alapaty et al.
2001; Teixeira et al. 2008). In addition, the quality of the data used to initialise and force the
model is essential for the success of a numerical simulation. These data often originate from
global atmospheric analyses or forecasts, e.g. from the Global Forecasting System (GFS)
or the European Centre for Medium-Range Weather Forecasts (ECMWF) with resolutions
typically being 15-50 km in the horizontal and 3-6 hours in time. These atmospheric data
are often not accurate enough for high-resolution simulations of local features which may be
sensitive to small errors in the large scale flow, as pointed out by e.g. Nance and Durran
(1997) in their study of lee waves. The quality of the analysis data depends mainly on two
factors. One is the technique used to compile the analysis, i.e., the numerical weather predic-
tion model used to generate the first guess and the statistical methods used to combine the
first guess information and the observations. The second factor is the quality and coverage
of the observations used to create the analysis (e.g. Langland et al. 1999). Observations can
be particularly sparse over areas such as the world’s oceans and the Arctic and Antarctic.

To improve numerical weather simulations, the initial and forcing data are often sup-
plemented with additional in-situ or remote sensing observations through a method called
nudging, or Four Dimensional Data Assimilation (FDDA) (e.g. Anthes 1974; Stauffer and
Seaman 1990, 1994; Stauffer et al. 1991). When applied to observational data, as done in
the present study, this assimilation method 'nudges’ the modelled atmospheric state towards
the observations by introducing an artificial forcing term in the model’s governing equations.
The forcing term is based on the difference between the modelled and observed atmospheric
state. Compared to alternative data assimilation methods, like 3D or 4D var and Kalman-

ensemble filter methods, nudging is conceptually simple and computationally inexpensive
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(e.g. Stauffer and Seaman 1990; Fast 1995; Reen and Stauffer 2010).

The provision of corresponding data for assimilation and also for model validation, how-
ever, poses major technical challenges. This is especially valid for high resolution numerical
simulations of the atmospheric boundary layer (ABL), as the operational network of auto-
matic weather stations and radiosondes generally is too sparse and unevenly distributed to
accurately describe the temperature, wind and moisture structure with high temporal and
spatial resolution (e.g. Otkin et al. 2011). Conventional in-situ instrument platforms like
towers and captive balloons and remote sensing technologies as lidars, radars, sodars and
satellites have the potential of aiding towards the desired datasets for assimilation and vali-
dation. For some applications, like meteorological field campaigns that are targeted towards
specific ABL phenomena in remote areas, and which are limited in time and by a small
budget, these instrument platforms may, however, be too expensive. They may furthermore
be too demanding to operate in the field, e.g. due to the requirement of expert personnel,
limited in-field mobility and infrastructural requirements like a continuous demand for elec-
tricity. In this context, unmanned aerial systems (UASs) have the potential to become an
invaluable tool in ABL research. These systems, consisting mainly of an unmanned aircraft
and a ground control station, were for the first time used for atmospheric measurements in
the 1970’s (Konrad et al. 1970). Following the recent development in micro electrical compo-
nents, both with respect to avionics as well as instrumentation and sensors for atmospheric
measurements, these have now become significantly more viable and feature amongst other
things fully autonomous navigation and advanced mission planning tools.

Examples of such systems include M2AV (Van den Kroonenberg et al. 2008; Martin et al.
2011), the Aerosonde (Curry et al. 2004) and the Small Unmanned Meteorological Observer
(SUMO) (Reuder et al. 2009). These light weight UASs represent a novel and very flexible
instrument platform which is generally user friendly and cost-efficient to operate. Further-
more, they are able to provide a unique data coverage in both space and time and thereby

have the potential to augment and fill the observational gap between the aforementioned
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conventional instrument platforms. They are able to provide in-situ data, not reliant on
similarity or propagation assumptions, and they are undisturbed by clouds. Data delivery
is fast or even instantaneous. Their low infrastructural requirements allow them to be used
in otherwise data-sparse regions, such as the polar areas where the mentioned UASs have
already been successfully operated.

In this article, we demonstrate a combined UAS and FDDA system, where profile data
of temperature, humidity and wind obtained with the UAS SUMO are assimilated into the
Weather Research and Forecasting model (WRF) (Skamarock et al. 2008) using the FDDA
technique. The system is applied to two case studies of weather situations that took place
during the international Moso field campaign on 19 and 20 July, 2009, in Southwest Iceland.
The weather situations were characterised by strong diurnal boundary layer temperature
variation leading to thermally driven winds, predominantly in the form of sea-breeze circu-
lation along the coast.

Sea-breeze is recognized to have a great influence on the local to meso-scale flow in coastal
areas. Knowledge on and predictability of this circulation may play an important role in
e.g. local weather forecasting for aviation and transport at sea. Sea-breeze is also found
to be of large importance for the formation and movement of thunderstorm complexes (e.g.
Pielke 1974) and transport of pollutants (e.g. Warner et al. 1978; Soler et al. 2011). Sea-
breeze is a widely studied phenomenon, and reviews are given by e.g. Stull (1988) and Pielke
(2002). Very few studies, however, focus on sea-breeze at high latitudes. One such study
is that by Grgnas and Sandvik (1998) who studied sea-breeze at latitudes higher than 60°
north. With a main focus on Norway and Spitsbergen they found through idealised numerical
simulations that the sea-breeze is well developed at these latitudes in summertime. Another
study of sea-breeze at higher latitudes is that of Gahmberg et al. (2010) who focused on
the interaction between sea-breeze and synoptic flow. They found amongst other things the
strongest sea-breeze for moderate large-scale flows blowing 45 - 90° anticlockwise from the

offshore direction perpendicular to the coast.
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Sea-breeze in Iceland is mentioned in the paper of Bromwich et al. (2005), who made
a high resolution regional climate simulation of Iceland for 1991 - 2000. They concluded
that sea-breeze appears to be an integral part of the summertime weather along most of the
coastline. Jonsson (2002) investigated wind speed and wind directions recorded by automatic
weather stations throughout Iceland for the month of June and found observational evidence
of the climatological presence of sea-breeze in Iceland.

Sea-breeze circulations are finely balanced systems and typically a challenge for opera-
tional numerical weather prediction systems to accurately reproduce in both time and space
(e.g. Fuentes et al. 2005). How the numerical simulations reproduce the surface and bound-
ary layer flow and temperature including the sea-breeze circulation, with and without the
assimilation of all and parts of the UAS temperature, humidity and wind data, is the main
topic of this study. In addition, several sensitivity experiments on different nudging param-

eters are carried out.

2. Observations
The Moso field campaign

The international Moso field campaign was conducted in Southwest Iceland in the period
from 9 to 20 July, 2009. The campaign, which name is short for "Mosfellsbeer", a small
settlement outside Reykjavik, was dedicated to the study of thermally driven and orograph-
ically modified meso-scale flow. In the first part of the campaign, the formation of weak
gravity waves was studied using the UAS SUMO and a network of automatic weather sta-
tions in the vicinity of Reykjavik. Using the same observational tools, two weather situations
dominated by sea-breeze circulation along the southwest coast of Iceland on 19 and 20 July
were observed in a second part the campaign. The present study focuses on the results from
this second part, while the first part will be the subject of a future study.

The study region can be divided into an eastern and a western area as naturally separated
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by the Reykjanes mountain range (ca. 350-800 m.a.s.l.) (Figure 1). The eastern area is the
area of main interest and the UAS soundings were made at Eyrarbakki. The central parts
of the eastern region mostly consist of relatively flat, farmed land, while the outskirts of
the area are dominated by more complex topography, most markedly by the Eyjafjallajokull
(1666 m.a.s.l.) and Myrdalsjokull (1450 m.a.s.].) massif in the south east (north of AWSs
Steinar and Hvammur) and the Reykjanes mountain range in the west.

AWS data from the western area are included as complementary information to investi-

gate the spatial extension of the impact of the data assimilation.

NEAR SURFACE OBSERVATIONS, AUTOMATIC WEATHER STATIONS (AWSS)

In Southwest Iceland, there is a rather dense network of AWSs, run mainly by the Ice-
landic Meteorological Office (Vedurstofa Islands) and the Icelandic Road Administration
(ICERA /Vegagerdin). The AWS data in this study are based on 10 minutes averages and
obtained with a temporal resolution of 1 hour. Temperature and relative humidity are mea-
sured at 2 m above the ground level and the wind is observed at 10 m or at the top of a 6
m high mast raised approximately 1 m above its immediate surroundings (Skalholt). Most

stations are located below 50 m.a.s.l.

Smal/l Unmanned Meteorological Observer, SUMO

The atmospheric profiles used in this study were made with the UAS SUMO (Reuder
et al. 2009) that has been developed in a collaboration between the Geophysical institute,
University of Bergen and Martin Miiller engineering, Germany. SUMO consists of three
main parts: a small model aircraft, a ground control station and a remote control. It is
equipped with an autopilot system that is developed under the open-source Paparazzi project
supervised by the French school for civil aviation (Ecole Nationale de 1’Aviation Civile,

ENAC) (Brisset et al. 2006). In its current version, the SUMO airframe is the commercially
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available FunJet construction kit from Multiplex. With a weight of only 0.58 kg, wingspan
of 0.8 m and length of 0.75 m, the airframe is relatively small and light weight and thus ideal
for use in e.g. remote areas and complex terrain with a minimum of infrastructural facilities.
The system is very quickly deployed in the field and is ready for operation within 10 - 15
minutes from arriving at the measurement site. The aircraft is electrically powered by lithium
polymer batteries giving a typical flight endurance of 20 to 45 minutes, depending mainly
on the flight pattern, wind speed and the atmospheric temperature. Within this time-frame,
a maximum altitude of around 5 km can be reached. During the Moso field campaign, the
system was equipped with sensors for the measurement of temperature, relative humidity and
pressure. The manufacturer (Sensirion) of the combined temperature and humidity sensor
(SHT 75) gives an absolute accuracy of respectively 0.3 C° and 1.8 %. Wind direction and
wind speed is estimated indirectly by a method relying on the on-board GPS data and an
assumption of constant true-airspeed and constant pitch angle. The method is described
in more detail by Mayer et al. (2012). The flight pattern used for atmospheric profiling
resembles a helix that corresponds to an atmospheric column with a radius of 50-100 m.
The aircraft has relatively high ascent and descent speeds (5-8 m/s) and due to a relatively
slow sensor response, the temperature and humidity data have been corrected using a method
outlined in Jonassen (2008).

SUMO was used for the first time during the FLOHOF field campaign (Reuder et al.
2011) in Central Iceland, 2007. Data from SUMO have subsequently been used to validate
WRF boundary layer schemes for case studies from FLOHOF (Mayer et al. 2010).

The SUMO measurements have been verified against and shown to have a quality similar
to that of well established sounding systems like radiosondes (Mayer et al. 2012; Jonassen
2008) and the authors are therefore confident in using these data for assimilation and model
validation.

During take-off and landing, the SUMO is operated manually and wind data from the

lowest tens of metres above the ground level are therefore not included in the data assim-
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ilation. Each of the profiles is averaged in 20 m height intervals. The descent data are
used for the assimilation since these are found to have the better quality as the descent rate
is slightly lower than the ascent rate. The lower descent rate gives the temperature and
humidity sensor better time to adjust to its ambient surroundings, thus reducing the effect
of slow sensor response while also allowing for a more accurate determination of the wind
vector.

An overview over the SUMO flights on 19 and 20 July is given in Table 1.

3. The numerical simulations

The numerical simulations are performed using the Advanced Research Weather Research
and Forecasting model (WRF ARW) Version 3.2.1 (Skamarock et al. 2008). The modelling
system is fully compressible and is in this study run in non-hydrostatic mode using 3 two-
way nested domains with a horizontal resolution of 9, 3 and 1 km. The outermost domain
(855 x 810 km) covers Iceland and the surrounding waters (50-100 km offshore) while the
innermost domain (250 x 190 km) covers Southwest Iceland. 51 vertical terrain following
model levels are used with an increased resolution towards the ground. The lowest half level
is at approximately 9 m.a.g.l.

Two sets of 24 hour simulations are performed, the first starting at 0000 UTC on 19
July and the second at 0000 UTC on 20 July, 2009. The first 6 hours of each simulation
are considered as spin-up. The RRTM (Mlawer et al. 1997) scheme is used for long wave
radiation parameterisation, the Dudhia scheme (Dudhia 1989) for short wave radiation, and
the Unified NCEP/NCAR/AFWA Noah land-surface model (Chen and Dudhia 2001) with
soil temperature and moisture in four layers for surface physics. Furthermore, the Yonsei
University Scheme (Hong et al. 2006), a non-local-k theory, first order scheme with an explicit
entrainment layer, is used for the parameterisation of boundary layer physics.

Operational analysis from the European Centre for Medium-Range Weather Forecasts
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(ECMWF) at 91 model levels and 0.125 degrees horizontal resolution is used to initialise
and force the model at its boundaries every 6 hour.

The extent of the ever reatreating edges of the ice caps in Iceland is too large in the
standard 24 categories USGS landuse dataset compared to reality. An updated version of
the 24 categories USGS landuse dataset with more realistic ice cap extents provided by the
Institute for Meteorological Research (Reiknistofa { Vedurfraedi/Belgingur) is therefore used

in the simulations of this study (Régnvaldsson et al. 2007).

FOUR-DIMENSIONAL DATA ASSIMILATION, FDDA

The four-dimensional data assimilation (FDDA) technique has been described and em-
ployed in several studies (e.g. Anthes 1974; Stauffer and Seaman 1990, 1994; Schroeder et al.
2006). Various datasets from a range of atmospheric measurement platforms have been as-
similated using FDDA, both for local and regional hindcasting, nowcasting and forecasting
applications. However, to the knowledge of the authors, data from UASs have never before
been used for these purposes.

There are two main types of nudging available in the WRF FDDA system (Liu et al. 2005).
One is the analysis nudging where the model state is nudged towards a gridded analysis field,
which is often used at larger scales for coarse grid resolutions. The second is the observation
nudging, which is used in this study. In observation nudging, each observation is used to
nudge the model within a certain horizontal radius surrounding its location and within a
given time window. The nudging is controlled by the nudging term, being proportional to the
difference between the observed and simulated atmospheric state. The nudging is reduced as
the distance in time and space from the observation to the model grid points increases. The
parameters being nudged are the horizontal wind components u and v, the specific humidity
and the temperature.

The nudging’s influence in time is limited to 40 minutes before and after each observation,

with the strength of the nudging being ramped down towards the beginning and end of each
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time interval.

The strength of the nudging is controlled through the nudging coefficients (G). The
horizontal radius of influence (R) determines the size of the area that is directly affected
by the nudging. Studies have shown that the values of G and R can be important for
the data assimilation results (e.g. Xu et al. 2002). In this study, several FDDA sensitivity
experiments are carried out and validated against AWS observations with the aim to find
the optimal combination of these two parameters. The values tested for G are the default
6-10"*s~! in addition to 3-107*s~! and 12-10~*s~!. The parameter R is given the value 100
km, which covers approximately the innermost domain, and thus the area of main interest,
as well as 50 and 150 km. In each of the simulations, the same values for G and R are
used for all the nudged parameters and nested domains. In these experiments, all 17 UAS
soundings from Case 1 (19 July) and all 11 UAS soundings from Case 2 (20 July) are used
for assimilation. Both the mass fields (temperature and humidity) and the horizontal wind
fields are assimilated.

Table 2 gives an overview over the values of R and G used for the corresponding FDDA
sensitivity experiments.

A third factor, that influences the nudging, is the weighting function used to apply the
nudging. Changing this is not as straight forward as changing the R and G parameters and
is therefore left to a future study.

The results from the FDDA sensitivity experiments with different values of R and G
are presented in the first part of the results section in this article. The best combination
of R and G is defined as the one giving the best validation against AWS data. In the
second part of the results section, a CTRL setup using no data assimilation is compared
against four different FDDA setups using the best combination of R and G. In the FDDA-all
setup, all UAS soundings are assimilated. In the FDDA-nomass and FDDA-nowind setups,
the mass fields and wind fields are respectively left out of the assimilation. These latter

experiments are performed to evaluate the relative importance of assimilating the wind and
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mass parameters for the case studies. In the FDDA-single setup, both the mass and the wind
fields are assimilated, but only the first sounding in each case is used. This latter experiment
is included to evaluate how long lasting the impact of assimilating a single profile is and can
be considered a dynamical initialisation.

No observations from the AWSs are used for assimilation in any of the FDDA simulations.

4. Results

The near-surface flow

During 19 and 20 July, 2009, Iceland was under the influence of a northeasterly synoptic
flow, set up by a low pressure system over the British isles to the south-east of Iceland and
a high pressure ridge over Greenland to the northwest (Figure 2). At the observation site of
Eyrarbakki, the skies were dominated by a layer of stratocumulus clouds that increased in
thickness and horizontal extension during the course of both these days.

Figure 3 gives a more detailed overview of the flow over Iceland. The simulated flow
compares reasonably well against AWS observations spread throughout Iceland and it can
be seen that the general flow in Case 2 (20 July) is somewhat stronger than in Case 1 (19
July).

Determining the optimal combination of the radius of influence (R) and the nudging coeffi-

cient (G)

As outlined in Section 3, an effort is made to determine the best combination of the R and
G parameters in the FDDA setup. Figure 4 shows root mean square and mean errors (RMSE
and bias) between the available AWS data and the CTRL and FDDA experiments using
different values of R and G. A clear trend towards an improvement in both the temperature

and wind is seen for both Case 1 and Case 2 when comparing the error statistics of the
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CTRL experiment to the FDDA experiments. For the temperature in Case 1, the RMSE
lies in the range 1.5 to 1.7 K for the FDDA simulations and it has a value of 2.1 K for the
CTRL simulation. For Case 2, the temperature RMSE is 1.6 K for all the FDDA simulations
and 1.9 K for the CTRL simulation.

For the wind speed and wind direction error statistics, the vector wind difference (VWD)

is used. VWD is defined as follows:

VWD = [(uy — u)? + (v, — v)?*/? (1)

Where (ug,v9) and (u,v) respectively are the observed and simulated horizontal wind
components. The RMSE of the VWD is in Case 1 reduced from 3.7 m/s in the CTRL
simulation to 3.3-3.4 m/s in the FDDA simulations. Similarly, the RMSE of the VWD is
reduced from 5.0 m/s to 4.6-4.7 m/s in Case 2.

The statistics for the specific humidity, on the other hand, give more variable results with
no such consistent improvement.

Overall, there are only marginal differences in the error statistics between the different
FDDA experiments and an investigation of the horizontal fields of temperature, humidity and
wind confirms this impression (not shown). The default G of 6 - 107%s™! and a moderate R
of 100 km are therefore used in the rest of this study. The R of 100 km covers approximately

domain 3, which is the area of interest in this study.

General results

In both the studied cases, sea-breeze circulation dominated the atmospheric flow charac-
teristics and surface fields of temperature and humidity. Thus, in the following evaluation
of the numerical simulations, special attention is paid to how the model manages to capture
the sea-breezes’ onset, maximum horizontal extension and final decay with and without the

UAS data assimilated. The model results are verified against available AWS data using the
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sea-breeze front as the main diagnostic. The inland progression of the sea-breeze is marked
by its front, which might be viewed upon as a meso-scale cold front. The passage of this front
typically encompasses a drop in surface temperature in the order of several K, an increase
in humidity and a turn in wind direction.

Figures 5, 6 and 7 show the simulated and observed wind speed and wind direction,
temperature and specific humidity at selected AWSs in Southwest Iceland on 19 (Case 1)
and 20 July (Case 2), 2009.

In the following, the results from each of the two cases are described separately. Case 2
is described in less detail than Case 1 and a main emphasis in the description of Case 2 is

put on where the results from the two cases differ the most.

1) CAsE 1, 19 JuLy

On 19 July, the first signs of sea-breeze are seen at Hella. The onset of the sea-breeze,
which takes place at 1000 UTC, can be detected by an abrupt halt in the increase of temper-
ature (Figure 6). This is associated with the winds turning to the southeast (Figure 5). The
halt in the temperature increase is captured by the model, but it takes place 2-3 hours earlier.
The onshore flow at Hella is visible in the 1200 UTC near-surface wind field (Figure 3). The
largest difference between the WRF simulation using only one UAS profile (FDDA-single)
and the simulation using all 17 profiles (FDDA-all) at Hella is found in the temperature from
1800 UTC to around 2100 UTC. Between those hours, the temperature is underestimated
by 2-3 K in the FDDA-single simulation and lies within 1 K in the FDDA-all simulation.
The temperature at Hella in the simulation using all UAS profiles, but no wind information
(FDDA-all-nowind) lies much closer to the FDDA-all than does the FDDA-all-nomass at
Hella throughout the simulation.

The sea-breeze is stronger and penetrates further inland in the FDDA-all simulation than
in the CTRL simulation (Figure 8). There is also a local enhancement of the synoptic-scale

flow, opposing the sea-breeze in the FDDA-all simulation.
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The observed maximum inland penetration of the sea-breeze on 19 July takes place
around 1600 UTC. It then touches upon Kalfholl, as marked by an observed intermittent
shift from northerly to southerly flow and a short lived increase in humidity at this station.
The increased humidity follows closely the observed increase in the FDDA simulations, except
in the FDDA-all-nomass simulation which, similarly to CTRL, lacks such an increase. Thus,
the horizontal extension of the sea-breeze is longer in the FDDA simulations (except FDDA-
all-nomass) than in the CTRL simulaton, and the validity of the longer inland sea-breeze
penetration is confirmed by observations, at least for the area represented by Kalfholl.

As for virtually all AWSs, there is a nearly consistent temperature underestimation in
the CTRL simulation at Kalfholl, but at this station, it is still significant (3-4 K in Case 1)
even after assimilating all UAS profiles using both the mass and wind fields.

At Eyrarbakki, the UAS operation site, the sea-breeze starts between 1200 and 1300
UTC, which is marked by a drop in the observed temperature and a shift from northeasterly
to southwesterly winds. The FDDA-all simulation corrects for a temperature underesti-
mation that is seen in the CTRL simulation at Eyrarbakki from 1200 UTC until around
2000 UTC, when the bias in the CTRL simulation reaches 2-3 K. The FDDA-single simu-
lation temperature gradually degrades from a near perfect match with the observation at
Eyrarbakki at 1200 UTC to a similar value as in the CTRL simulation at around 1900 UTC.

At Hellisheidi, there are no observed signs of sea-breeze at any time of the day. This
absence of sea-breeze is most likely due to the station’s elevated location (360 m.a.s.l.). With
the exception of the morning hours (before 1200 UTC), 1700 UTC and towards midnight,
the temperature is underestimated by some 2-3 K in the CTRL simulation. In the FDDA-all
simulation, on the other hand, the temperature is reproduced very well with observation-
model differences of the order of 0-1 K. In the FDDA-single simulation, the temperature bias
lies somewhere between the CTRL and FDDA-all simulation (1-2 K) from 1200 UTC and
onwards for most of the day. After 1700 UTC, the FDDA-all-nomass simulation performs

better than the CTRL simulation with respect to 2 m temperature. The underestimated
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temperature in the CTRL simulation can at least in part be related to a shift from the
observed northeasterly to northwesterly flow in the CTRL simulation between 1600 and
1800 UTC.

Further inland, at Skalholt (approximately 40 km from the coast), there are also no
observed signs of sea-breeze. Similar to Kalfholl, the temperature is significantly underes-
timated in all the simulations, but not as much in the FDDA-all-nowind as in the FDDA-
all-nomass and CTRL simulations. As at Kalfholl, the improvement in the FDDA-single
simulation temperature is relatively short lived and is gone after approximately 6 hours.

The simulated wind speed at Skalholt is very low (less than 2.5 m/s) at 1600 UTC
and it has a southerly component, coinciding with the sea-breeze direction. The simulated
humidity, however, does not show any increase for any of the simulations at this location
(not shown), which would have been expected if the sea-breeze had reached it.

The largest changes in temperature from the CTRL to the FDDA simulations are found
in Area West, where the CTRL simulation temperatures are largely underestimated in the
area around Reykjavik and over parts of the Reykjanes peninsula. This bias is connected to
two interdependent phenomena. A shallow (50-100 m) fog resides from early morning hours
(0600 UTC) to late evening (2100 UTC) along the Reykjanes peninsula to the southwest
of Reykjavik in the CTRL simulation (e.g. Figure 8). In the FDDA simulations, this fog
disappears before 1400 UTC. In the CTRL simulation, there is an onshore flow from the
aforementioned fog, advecting cold and moist air into the region. This is evident in the
form of low temperatures and relatively high values of humidity at the stations in the area
in the CTRL simulation (e.g. Reykjavik and Grindavik, Figure 7). In the observations
and also mostly correctly in the FDDA simulations, the flow to the north and west of
Reykjavik is from the north (Figure 8). Both the assimilation of only the UAS wind profiles
(FDDA-all-nomass) and the assimilation of only the UAS temperature and humidity profiles

(FDDA-all-nowind) aid in removing this fog, with the effect of the latter being larger.
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2) CASE 2, 20 JuLy

On 20 July, the sea-breeze sets on later than in Case 1 and the first signs of a sea-breeze
are again found at Hella, taking place between 1200 and 1300 UTC. Except for the CTRL
and FDDA-all-nomass simulations, the model times the correspondent change to southerly
wind quite accurately, while the drop in temperature lags some 1-2 hours behind what is
observed in all the simulations.

In contrast to Case 1, the sea-breeze in Case 2 penetrates further inland in the CTRL
than in the FDDA-all simulation. A sea-breeze is never observed at Kalfholl. In the CTRL,
FDDA-all-nowind and FDDA-single simulations, however, there is an onset of sea-breeze at
Kalfholl at around 1600 UTC and it lasts until at least 2200 UTC. The remaining FDDA
simulations correctly contain no sea-breeze between 1600 UTC and 1800 UTC at Kalfholl,
but in these simulations the sea-breeze erroneously reaches the station at around 2000 UTC.
The presence of the sea-breeze is evident by the increase in humidity at Kalfoll at respec-
tively 1500-1600 UTC in CTRL, FDDA-all-nowind and FDDA-single and 1900-2000 UTC
in FDDA-all and FDDA-all-nomass.

At Eyrarbakki, the sea-breeze is only observed for a short period of time around 2000
UTC. In all the simulations, on the other hand, there is an onset of sea-breeze at Eyrarbakki
at 1500 UTC. This is marked by a sharp drop in the simulated near surface temperature
in the CTRL, FDDA-all-nomass and FDDA-single simulations, whereas in the FDDA-all
and FDDA-all-nowind simulations, the temperature keeps closer to the observed one with a
discrepancy of around 2 K.

The FDDA-all-nowind and FDDA-single simulations erroneously contain sea-breeze at
Hellisheidi between 1600 and 2200 UTC and so do also the rest of the simulations between
2000 and 2200 UTC.

In contrast to the results of Case 1, there is seemingly no, or only very little, improvement
with respect to temperature in the FDDA-single simulation for any of the stations for Case

2. While the simulated sea-breeze did not reach Skalholt in Case 1, the CTRL and FDDA-
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single simulations of Case 2 do contain sea-breeze at Skalholt, setting on at 1800 UTC and
lasting until at least 2200 UTC, which is identified in terms of both a southerly wind and
a lowered temperature at this location. The remaining FDDA simulations, improve on this
situation and they do not contain sea-breeze at Skalholt before 2200 UTC, at which they
show an erroneous southerly wind direction. As in Case 1, relatively large underestimations

of temperature are found at Kalfholl and Skalholt.

3) ERROR STATISTICS

The root mean square error (RMSE) and mean bias statistics of the simulated and ob-
served near surface temperature, specific humidity and wind (Figures 10 and 11), largely
support the impression gained by the above subjective analysis of the WRF simulations
against the AWS observations. A main effect of assimilating the UAS data is the reduc-
tion of a nearly consistent model temperature underestimation. The largest contribution
in mitigating this bias comes from the assimilation of the UAS temperature and humidity
data. The error reduction is largest in the FDDA-all simulations, where the average RMSE
between the modelled and observed (AWS) 2 m temperature in Case 1 is reduced from 2.1
to 1.5 K and the corresponding averaged biases from 1.5 to 0.7 K. In Case 2, the reduction
is somewhat smaller, with the average RMSE being reduced from 1.9 to 1.6 K and average
bias from 0.4 to 0 K.

The effect of only assimilating the wind data (FDDA-all-nomass) is least among the
FDDA simulations in this regard, but still positive with an average RMSE of 1.9 K and
average bias of 1.3 K for Case 1 and an average RMSE of 1.8 K and average bias of 0.3 K
for Case 2.

In Case 1, the RMSE reduction from the FDDA-single simulation lies between the CTRL
and FDDA-all simulations with an average RMSE of 1.7 K and average bias of 1.1 K.
It should, however, be noted that the observation-model difference for the FDDA-single

simulation increases with time, as shown above, starting at differences similar to the FDDA-
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all simulation and slowly approaching the CTRL simulation in accuracy and the two are very
similar after 6-7 hours at most stations. In Case 2, there is no such consistent improvement
in the FDDA-single simulation, and for some AWSs the error statistics is the same as or
even worse than for the CTRL simulation. It can also be seen in the previously presented
timeseries from the selected AWSs that the improvement is very short lived in Case 2 when
compared to Case 1 in the FDDA-single simulations.

For specific humidity, there is no consistent improvement when using FDDA. Neverthe-
less, for individual stations like Reykjavik, there is still an improvement in Case 1 which
is caused by the false presence of fog along the nearby coast in the CTRL simulation, as
commented on earlier.

The average of the RMSE VWD in Case 1 is reduced from 3.7 m /s in the CTRL simulation
to 3.4 m/s in the FDDA-all simulation. The main contribution comes from the assimilation
of the wind as the average VWD RMSE assimilating only the wind is 3.5 m/s, whereas when
assimilating only the mass parameters it is 3.6 m/s. The largest improvements in VWD
among the stations when using FDDA in Case 1 is found at the AWSs of Arnes and Mork.
This improvement is caused by a more accurate description (higher wind speeds) of the local
component of the northeasterly synoptic flow, as evident in the horizontal 10 m wind field
(Figure 8). Also in Case 2, there is an improvement in the VWD statistics when assimilating
the UAS wind data. The average RMSE of the VWD is reduced from 5.0 (CTRL) to 4.6
m/s (FDDA-all).

The flow aloft

In the study of the flow aloft, we focus mainly on the location of Eyrarbakki, where
the UAS soundings were made. A main emphasis is put on the description of the vertical
development of the sea-breeze circulation and how this is captured by the model, with and
without all and only parts of the UAS data assimilated. As for the surface flow, the flow

aloft in Case 1 and Case 2 is described separately and a main emphasis in the description of
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Case 2 is put on where the two cases differ the most.

4) CasE 1, 19 JurLy

Figure 12 and Figure 13 show timeseries of observed and simulated atmospheric profiles
of temperature, specific humidity, wind speed and wind direction on 19 and 20 July. The
first UAS profile (1238 UTC, 19 July) was measured just after the onset of the sea-breeze
at Eyrarbakki. The sea-breeze is identifiable in the first four UAS profiles as a layer of
low temperatures and relatively high humidity below approximately 250 m.a.g.l. In this
shallow layer, winds are from the sea contrasting the northeasterly synoptic flow further
aloft. Approximately at the top of this layer, the on- and offshore flows meet and there is a
distinct wind speed minimum. Using the criteria of low wind speed, a turn in wind direction,
an increase in temperature and decrease in humidity, the highest vertical extension of the
sea-breeze of 250-300 m.a.g.l. is reached sometime between 1400 UTC and 1600 UTC. At
1900 UTC, there are no longer any signs of sea-breeze in neither the UAS profiles nor in the
AWS observations.

The simulated temperature, humidity and wind profiles in the FDDA-all simulations are,
not surprisingly, considerably closer to the observed data from the UAS and should not be
used for direct comparison with the other simulations. The FDDA-single profiles are not
discernable from the FDDA-all profiles at 1238 UTC.

The temperatures in what may be interpreted as the boundary layer (below an inversion
at 1-1.2 km) are underestimated in the CTRL simulation by 2-3 K compared to the three first
UAS profiles (1238, 1358 and 1604 UTC). The specific humidity, however, is well reproduced
by the model in these first three profiles, while there are larger discrepancies in the two last
profiles (1743 and 1914 UTC).

The temperature underestimations of the lower troposphere are similar in magnitude
to the average underestimation in the simulations of temperature at the AWSs. These

temperature and humidity differences are reflected in the RMSE and BIAS values averaged
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over all profiles throughout the day (Figure 14).

The sea-breeze layer is not evident in the two first profiles (1238 and 1358 UTC) of
temperature and humidity in the CTRL run, whereas it is present in the observations.
The wind direction, however, shows southerly flow below 500 m.a.g.l. in these profiles.
Judging by the wind direction, this indicates an approximately 250 m deeper sea-breeze in
the CTRL simulation than in the observations and FDDA simulation. The simulated wind
speed between 250 and 500 m.a.g.l. is, however, very weak (below 2 m/s).

Towards the evening on 19 July (1744 and 1915 UTC profiles), the sea-breeze is still
evident in the CTRL simulation, both in temperature, humidity as well as in wind direction.
The CTRL simulation profiles of temperature above 250 m.a.gl. agree well with the observed
and FDDA simulated profiles for these two latter instances. Below, however, there is a
temperature deficit of 2-3 K, indicating that the sea-breeze is still present at Eyrarbakki in the
CTRL simulation, while it is almost gone in the FDDA-all and FDDA-all-nowind simulations.
At 1914 UTC, the sea-breeze is gone in the observations, still somewhat present in the
lowermost atmospheric layer in FDDA-all simulation and evident in the CTRL simulation.

Figure 15 shows a vertical cross section of wind speed, wind direction and specific hu-
midity at 1600 UTC.

The moist, southerly sea-breeze layer penetrates about 40 km inland in the FDDA-all
simulation, which is 20-30 km further than in the CTRL simulation along this cross section.
In the FDDA-all simulation, the sea-breeze layer over the sea contains stronger winds than

in the CTRL simulation.

5) CASE 2, JuLy 20

On 20 July, clear signs of sea-breeze in the displayed profiles are only found at 1809
and 2025 UTC (Figures 12 and 13). The former and its subsequent profile (1932 UTC,
not shown) were measured some 18 km to the east of Eyrarbakki and the sea-breeze set on

slightly earlier at this location than at Eyrarbakki. At 1809 UTC, the sea-breeze is clearly
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evident, but it is less than 200 metres deep at this time. At 2025 UTC, there is sea-breeze
at Eyrarbakki and it reaches around 500 m.a.g.1.

The temperature of the lower troposphere is generally better reproduced by the model
for the shown profiles than in Case 1 and only in the 1809 and 2025 UTC profiles and the
lower part of the 1507 UTC profile there are underestimations larger than 3 K.

As for the surface data, the approximation towards the CTRL values in the FDDA-single
experiments happens considerably faster in Case 2 than in Case 1.

While the average temperature underestimations are about the same aloft as at the AWSs
in Case 1, they are slightly larger aloft than at the AWSs in Case 2.

As seen in the horizontal wind and humidity fields (Figure 9), the sea-breeze penetrates
shorter inland in the FDDA-all than in the CTRL simulation. Along the investigated cross
section (Figure 16), this difference amounts to around 40 km. The sea-breeze layer is also gen-
erally shallower in the FDDA-all simulation. The offshore wind speed, however, is markedly

stronger (more than 10 m/s) in the FDDA-all than in the CTRL simulation.

5. Discussion

In this study, it has been shown how profile data from a small UAS can be used for
assimilation through the FDDA technique to improve high resolution numerical simulations.
The method has been applied to two summertime fair weather situations that took place in
Southwest Iceland during the Moso field campaign, on 19 and 20 July 2009.

The simulated near surface flow compares generally well against observations from a
relatively dense network of AWSs. Aloft, however, with exception to the 1200 UTC Keflavik
radiosoundings which compare well with the model (not shown), only the soundings made
with the UAS were available for validation. It is therefore hard to estimate the validity of
the impact of the assimilation on the flow field aloft. Similar future studies can definitely

benefit from more soundings of this kind, both for validation and also for assimilation.
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Previous studies (e.g. Xu et al. 2002) have shown that the choice of nudging coefficients
and radius of influence can have an important effect on the FDDA data assimilation result.
Thus, as a first step in this study, several FDDA sensitivity experiments were carried out
using different combinations of the two parameters. The results reveal only a marginal
sensitivity to the choice of these parameters for our case studies and for any of the tested
combinations of the parameters the results are markedly better than when using no FDDA
at all. The default nudging coefficient of 6 - 1074s™! and a radius of influence of 100 km,
covering the area of interest, were therefore used for the rest of the study. These results are
likely case dependent and more experiments with e.g. differing radii of influence for different
domains and differing nudging coefficients for different parameters could prove beneficial,
but are left for a future study.

The impact of the data assimilation on the model’s representation of the sea-breeze circu-
lation, which dominated the weather of southwestern Iceland during both studied situations,
is large and positive, but it differs between the two investigated cases. In Case 1, the as-
similation leads to a sea-breeze that penetrates further inland and the sea-breeze also has a
sharper front. Away from the coast, further inland, the assimilation of the UAS data gives
a local enhancement of the synoptic-scale flow, opposing the sea-breeze. The correctness
of this latter flow enhancement is confirmed by two AWSs (Arnes and Mork) in the area.
The sharpening of the sea-breeze front associated with increased speed of the sea-breeze and
stronger opposing winds is consistent with the findings of Gahmberg et al. (2010) on sea-
breeze and its relationships to synoptic flow. In Case 2, on the other hand, the assimilation
of the UAS data leads to a sea-breeze that is weaker and which penetrates shorter inland.

Interestingly, the improvement seen when only assimilating the first profiles in each case
(FDDA-single) is significantly larger and more long lasting in Case 1 than in Case 2. A
possible explanation for this might be found in the differing synoptic conditions. Both cases
had a northeasterly large-scale flow, but in Case 2 it was stronger which could potentially

eradicate the impact of the assimilation faster than what is the case with the weaker flow in
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Case 1.

A detailed physical interpretation of the FDDA simulation results is made difficult by the
fact that the FDDA technique is based on terms in the prognostic model equations that are
strictly speaking non-physical. However, the impacts of the nudging coefficients are related
to time scales of true physical processes and they should ideally be determined based on
location and flow dependent investigations. Nevertheless, the locally enhanced flow to the
north of the investigated area in Case 1 can be mainly attributed to a modification of the
Southwest Iceland thermal low, which is induced by higher boundary layer temperatures
through the data assimilation. No such increase in wind speeds are seen when the UAS
temperature data are left out of the assimilation.

Vastly underestimated surface temperatures are found in the vicinity of Reykjavik (e.g.
up to 8 K in Reykjavik) in the simulation of Case 1 without data assimilation. This under-
estimation is caused by a fog that resides in the area for most of 19 July (see Figures 7 and
8). All FDDA-simulations aid in removing this erroneous fog, with the effect of assimilating
the mass data being the largest. The fog may be removed through at least two processes:
The higher boundary layer temperatures induced by assimilating the UAS temperature data
may evaporate the fog and the enhanced northerly flow to the north of Reykjavik (due to
lower surface pressure over Southwest Iceland) may transport the fog away. This northerly
flow is also warmer than the air it replaces.

In both case studies, particularly large underestimations of the 2 m temperatures are
found inland at the locations of Skalholt and Kalfholl. A detailed comparison of the USGS
landuse dataset and official maps of the area reveals that the landuse contains too large
water bodies or a too high a percentage of wetlands. The two mentioned stations are actually
situated over water bodies in the model, while in reality they are only close to these. An
additional simulation of Case 1 in which all inland water bodies in the south of Iceland were
removed yielded a temperature increase of some 2-4 K at the aforementioned stations during

daytime, even giving an overestimated temperature at some instances using an FDDA-all
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setup. The effect of this landuse modification was, however, very local and its impact on
the general flow field was negligible. This nevertheless underlines the sensitivity of the
local boundary layer temperatures to the underlying surface. This may seem obvious, but
ever since the publication of Einarsson (1971), there has been consensus that temperatures
in Iceland are governed by synoptic scale advection and not local heat fluxes. Thus, future
simulations of the local weather in the area could most likely benefit from a new and updated
landuse dataset. Implementing such a dataset would, however, be a study in its own right
and is therefore considered beyound the scope of the present study.

A clear advantage of the UAS system over for example AWSs is that it provides obser-
vations not only from near the surface, but also from an atmospheric column further aloft.
Thereby, one can avoid several issues connected to e.g. the assimilation of only surface tem-
perature observations, which are known to be especially problematic (e.g. Reen and Stauffer
2010). One such issue is connected to the surface heat flux, as its sign can change if the
surface temperature is slightly increased by nudging the model towards observed surface
temperatures. Such a switch in sign may lead to a drastic reduction in the boundary layer
height. It is also well known that the assimilation of surface temperature observations can
lead to an erroneous spread of temperatures not representative for the whole vertical exten-
sion of the ABL, as e.g. in the presence of a strongly stably stratified surface layer during
nighttime or a superadiabatic surface layer during daytime (e.g. Stauffer and Seaman 1990).
Solutions of various degrees of complication to these problems have been proposed. The
switch in the surface heat flux can be avoided by nudging also the soil temperature (e.g.
Reen and Stauffer 2010) and by making adjustments to the surface sensible and latent heat
fluxes (Alapaty et al. 2001). Nudging a shallower layer when there are inversions and the
whole ABL during events of free convection can mitigate the problem connected to strong
temperature gradients near the surface. Nevertheless, these techniques are not optimal so-
lutions and frequent profile observations as those provided by the UAS SUMO have the

potential of avoiding the need to use them.
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The inland penetration of the two investigated sea-breezes was in this study deduced by
manually investigating the AWS observations and corresponding model point estimations
and horizontal fields. Future studies, including more cases and experiments, could benefit
from a more statistical approach, as the objective technique proposed by Case et al. (2004).

The presented combination of WRF-FDDA and data acquired with a UAS is not limited
to only sea-breeze studies, but is likely to have a wide range of future applications. One
example application in which one needs accurate high resolution simulations and observations
is investigations of flow in connection to existing and future wind farms. A related system
is already proposed by Liu et al. (2011), where observations are combined with very high
resolution LES simulations using FDDA. The UAS SUMO would be an ideal tool for the
verification and provision of atmospheric data for assimilation in such a system. SUMO
has already been utilised to measure atmospheric turbulence in and around a small wind
farm in Denmark, during spring 2011, as an integral part of the the joint research project
" Autonomous Aerial Sensors for Wind Power Meteorology" (Giebel et al. 2012; Reuder et al.
2012).

Another potential future application for the SUMO-WRF-FDDA system is weather now-
casts or forecasts for search and rescue (SAR) missions, as proposed by Régnvaldsson (2011).
Such missions depend critically on accurate weather information, both as the safety of the
field personnel must be secured and as the missions must be run as efficiently as possible.
Rescue missions often take place in remote areas or regions severely affected by natural
catastrophes. For the provision of in-situ meteorological data from the affected area, UAS
represents a unique tool that can provide in-situ data from such regions where conventional
instrument platforms may not be applicable and manned flights too dangerous. An example
of another modelling system for emergency response applications is that by Warner et al.

(2004).
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6. Summary and conclusions

Two summertime situations with northeasterly synoptic flow in Southwest Iceland have
been explored with a network of AWSs and the UAS SUMO.

Both flow situations are characterised by strong diurnal variation in boundary layer
temperatures leading to thermally driven winds, predominantly in the form of sea-breeze
circulation along the coast. These winds are to some extent reproduced by numerical down-
scaling of a state of the art ECMWF operational analysis using the WRF model. However,
by assimilating profile data from the UAS measured at Eyrarbakki in Southwest Iceland
using the FDDA technique, substantial improvements of wind, temperature and humidity in
the region are achieved.

The Southwest Iceland sea-breeze of 19 July 2009 penetrates about 40 km inland and
reaches 250-300 m height at the coast. On this day, a modification of the thermal low
over Southwest Iceland generated through the assimilation of data from the UAS SUMO
contributes to enhanced northerly flow at the west coast of Iceland, north of Reykjavik City.
Thus, the penetration of cold and humid maritime air towards the city is inhibited and
temperatures remain 6-8 K higher than in the simulation without the UAS data assimilated.

This study furthermore shows that accurate simulations of coastal weather at high lati-
tudes are very dependent on a correct description of the boundary layer.

Envisioned future applications of the presented UAS SUMO and WRF-FDDA system
include wind energy, e.g. siting for wind farms and intra wind farm measurements and
simulations and the improvement of local scale nowcasts and forecasts for e.g. search and

rescue missions.
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TABLE 1. SUMO flights made on 19 and 20 July 2009 during the Moso field campaign. The
time is the average time during the flight descent. The lowest altitude with temperature and
humidity observations is 10 metres and for wind it is 70 metres.

ID Time [UTC] Max alt. [m.a.g.l.] Duration [min.]

19 July
1 1238 3001 18
2 1300 1236 8
3 1319 1082 10
4 1339 1097 8
5 1358 1124 8
6 1518 1098 7
7 1541 1480 8
8 1605 953 7
9 1633 2830 14
10 1651 1204 9
11 1708 1437 13
12 1744 1200 10
13 1755 725 5
14 1822 1443 10
15 1841 1452 12
16 1856 1144 8
17 1914 1820 13
20 July
1 1109 2991 14
2 1157 1497 7
3 1306 1578 10
4 1410 1980 15
5 1507 1804 11
6 1607 2144 14
7 1710 1422 8
8 1809 1966 9
9 1832 1993 14
10 1932 607 8
11 2025 806 4
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TABLE 2. WRF FDDA sensitivity experiments with different radii of influence (R) and
nudging coefficients (G).
name R [km] G [s7]]
FDDA R1IGL 100 6-10~*
FDDA R2G1 50 6-10~*
FDDA R3G1 150 6-107*
FDDA R1G2 100 3-107*
FDDA R1IG3 100  12-10°*
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List of Figures

1

Overview over the experiment area (large panel, upper right). The area is
slightly smaller than domain 3 (grey box in smaller panel, lower left). The
locations of the automatic weather stations are indicated by dots and names.
The stations additionally marked with a star do not measure relative humidity.
The main observation site for the UAS SUMO, Eyrarbakki, is marked by a
diamond. Area East is the area of main interest where the studied sea-breeze
events took place. The geographical division between Area East and Area
West is indicated by a black line. The grey, dashed line (from A to B) indicates
the position of the vertical cross sections of wind speed and specific humidity
in Figures 15 and 16.

Mean sea level pressure (hPa) at 1200 UTC on a) 19 July, and b) 20 July
2009, based on analysis from ECMWEF.

Simulated near surface (10 m) winds from the CTRL simulations at 1200
UTC on a) 19 July and b) 20 July for domain 2 (3 km horizontal resolution).
Surface observations from AWSs are indicated with red wind barbs. Each half
barb represents 2.5 m/s.

Error statistics for the CTRL and the FDDA experiments using different
combinations of the radius of influence (R) and nudging coefficients (G). Table
2 lists and explains the different experiments.

Observed and simulated 10 m wind direction [°| and wind speed [m/s| at

selected surface stations on 19 and 20 July, 2009. Each half barb represents

2.5 m/s. The simulation results are from domain 3 (1 km horizontal resolution).

Observed and simulated 2 m temperature [°C| at selected AWSs on 19 and
20 July, 2009. The simulation results are from domain 3 (1 km horizontal
resolution). Black dots at the bottom-line of each panel’s x-axis indicate the

time of UAS soundings.
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Observed and simulated 2 m specific humidity [g/kg| at selected AWSs on 19
and 20 July, 2009. The simulation results are from domain 3 (1 km horizontal
resolution). Black dots at the bottom-line of each panel’s x-axis indicate the
time of UAS soundings.

Simulated 10 m wind speed |m/s| and wind direction and specific humidity
lg/kg| from the lowermost model half level (approximately 9 m.a.g.l.) in
domain 3 (1 km horizontal resolution) at 1600 UTC on 19 July 2009 for the
CTRL simulation (a) and b)), and the FDDA-all simulation (c) and d)).
Observations of wind speed and wind direction at selected surface stations
are included as well (red wind barbs). Each half barb represents 2.5 m/s.
Areas with over 98 % relative humidity are encircled by a black, dashed line.
Same as in Figure 8, but for 1800 UTC on 20 July, 2009.

Root mean square error (RMSE) (a) and bias (mean error) (b) between ob-
served and simulated 2 m temperature, 2 m specific humidity and 10 m vector
wind difference (VWD) for 19 July, 2009. Mean values of the RMSE and bias
for all stations for each simulation are given with vertical bars. Area East is
where the studied sea-breeze events took place.

Same as in Figure 10, but for 20 July, 2009.

Observed and simulated profiles of potential temperature (©) and specific
humidity (Q) from Eyrarbakki on 19 and 20 July, 2009. Observations made
by the AWS at Eyrarbakki are indicated with black diamonds. The 1809 UTC
profile on 20 July is measured some 18 km to the east of Eyrarbakki.

Same as in 12, but for wind speed and wind direction.
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16

RMSE and bias (mean error) between the observed and simulated atmospheric
profiles of potential temperature, specific humidity and vector wind difference
at Eyrarbakki on 19 July (panels a) and 20 July (panels b), 2009. The numbers
in green indicate the number of soundings reaching each respective height
above the ground level.

Vertical cross sections of simulated wind speed and specific humidity at 1600
UTC on 19 July 2009 for the CTRL simulation (a) and b)) and FDDA-all
simulation (c) and d)) in domain 3 (1 km horizontal resolution). Isentropes
are given with white contours at an interval of 2 K. Each half barb represents
2.5 m/s. The geographical location of the cross section is shown in Figure
1. UAS wind measurements are indicated as well (red and cyan wind barbs).
The offshore part is marked with a horizontal, solid line in cyan.

Same as in 15, but for 1800 UTC on 20 July, 20009.
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Geldingagest
Revykjavik

500 1000 1500
metres above sea level

Fi1G. 1. Overview over the experiment area (large panel, upper right). The area is slightly
smaller than domain 3 (grey box in smaller panel, lower left). The locations of the automatic
weather stations are indicated by dots and names. The stations additionally marked with
a star do not measure relative humidity. The main observation site for the UAS SUMO,
Eyrarbakki, is marked by a diamond. Area East is the area of main interest where the studied
sea-breeze events took place. The geographical division between Area East and Area West
is indicated by a black line. The grey, dashed line (from A to B) indicates the position of
the vertical cross sections of wind speed and specific humidity in Figures 15 and 16.
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F1G. 2. Mean sea level pressure (hPa) at 1200 UTC on a) 19 July, and b) 20 July 2009,
based on analysis from ECMWEF.
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0 2 4 6 8m/S 10 12 14 16 18
F1G. 3. Simulated near surface (10 m) winds from the CTRL simulations at 1200 UTC on
a) 19 July and b) 20 July for domain 2 (3 km horizontal resolution). Surface observations

from AWSs are indicated with red wind barbs. Each half barb represents 2.5 m/s.
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F1G. 5. Observed and simulated 10 m wind direction [°] and wind speed |m/s| at selected
surface stations on 19 and 20 July, 2009. Each half barb represents 2.5 m/s. The simulation
results are from domain 3 (1 km horizontal resolution).
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F1G. 6. Observed and simulated 2 m temperature [°C| at selected AWSs on 19 and 20 July,
2009. The simulation results are from domain 3 (1 km horizontal resolution). Black dots at

the bottom-line of each panel’s x-axis indicate the time of UAS soundings.
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F1G. 8. Simulated 10 m wind speed [m/s| and wind direction and specific humidity [g/kg]
from the lowermost model half level (approximately 9 m.a.g.l.) in domain 3 (1 km horizontal
resolution) at 1600 UTC on 19 July 2009 for the CTRL simulation (a) and b)), and the
FDDA-all simulation (c) and d)). Observations of wind speed and wind direction at selected
surface stations are included as well (red wind barbs). Each half barb represents 2.5 m/s.
Areas with over 98 % relative humidity are encircled by a black, dashed line.
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F1G. 9. Same as in Figure 8, but for 1800 UTC on 20 July, 2009.
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Fi1G. 11. Same as in Figure 10, but for 20 July, 2009.
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F1G. 12. Observed and simulated profiles of potential temperature (©) and specific humidity
(Q) from Eyrarbakki on 19 and 20 July, 2009. Observations made by the AWS at Eyrarbakki
are indicated with black diamonds. The 1809 UTC profile on 20 July is measured some 18
km to the east of Eyrarbakki.
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F1c. 13. Same as in 12, but for wind speed and wind direction.

52

height [m.a.g.l.]

height [m.a.g.l.]



| CTRL FDDA-single FDDA-all FDDA-all-nowind w= == == = FDDA-all-nomass |
a Pot. Temperature [K Specific humidity [g/k Vector wind difference [m/s!

) 3500 } P ‘[11 pec N y[g al 1 [S] 2500
20001 ¢ 2 ! 2 2 2000
> >
g 1500 3 | 3 3 1500 ©
E | E
£, 1000 10 ‘ 10 10 1000 §
[} [}
T | I
500 17 i 17 17 500

|
0 . 18 0
0 2 4 -5 0 5 2 -1 0 5 10 O 5 10
RMSE BIAS RMSE BIAS RMSE BIAS
b) Pot. Temperature [K Specific humidity [g/ki Vector wind difference [m/s
2500 ——r— 0 K pecific humidty [gha] ) ifterence [l 2500
i\ r
2000 1 [ b 1 2000
lary I -
= [ =
g 1500 7 | 7 1500 ©
E | E
£ 1000 9 | 9 1000 5
[} [}
I g I
500 10 A 10 500
|
0 0
0 2 4 -5 0 5 0 1 2 -1 0 1 10

F1G. 14. RMSE and bias (mean error) between the observed and simulated atmospheric
profiles of potential temperature, specific humidity and vector wind difference at Eyrarbakki
on 19 July (panels a) and 20 July (panels b), 2009. The numbers in green indicate the
number of soundings reaching each respective height above the ground level.
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F1a. 15. Vertical cross sections of simulated wind speed and specific humidity at 1600 UTC
on 19 July 2009 for the CTRL simulation (a) and b)) and FDDA-all simulation (c) and d))
in domain 3 (1 km horizontal resolution). Isentropes are given with white contours at an
interval of 2 K. Each half barb represents 2.5 m/s. The geographical location of the cross
section is shown in Figure 1. UAS wind measurements are indicated as well (red and cyan
wind barbs). The offshore part is marked with a horizontal, solid line in cyan.

o4



Height[m.a.s.1.]

Height[m.a.s.1]

60 80
2500 7
2000
1500
1000
500
0 e L & K- k2 1 1 1 1
0 20 40 &0 80 100 120 140 180
Distance [km]
(M T

; A~
/A/“-—!\”\/‘A

20 40 100 120 140 160
. Lo

60 2 4 6 8,10 12 14 16 18

m/s

Height[m.a.s.l.]

20 40 60 80 100 120 140 160
2000 |
r _
x 1500 |
E
S 1000
1]
I o
500 | N A A~
u \a‘\ e

A INIY Y FRRA

0 20 40 60 80 100 120 140 180
Distance [km]

12 3 4 b5 6 7 8 9
a’kg

F1G. 16. Same as in 15, but for 1800 UTC on 20 July, 2009.
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