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1 Introduction

Mountains, and hills are a source of enormous variability in atmospheric flow at a multi-
tude of scales. Variations in direction and speed of the flow, both in time and space, are as-
sociated with variations in all parameters that are generally associated with weather
forecasting, including wind, temperature, cloudiness, and precipitation. In the vicinity of
mountains, climate, weather, and in particular weather extremes may be highly influenced
by the topography. In this chapter, a comprehensive, but short review of the impact of moun-
tains on the atmospheric flow will be given and aspects of forecasting the different orographic
wind patterns will be discussed.

2 Patterns of mountain flows

Atmospheric flow is described by the momentum equation
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where V is the wind vector, with components u, v, and w, P is pressure, f is the Coriolis pa-
rameter, and g is gravity. Term I represents changes of the wind field in time, term II repre-
sents acceleration associated with spatial variability of the wind, term III is the pressure
gradient force, term IV is the Coriolis force, term V is the gravity and terms VI and VII rep-
resent the turbulent vertical transfer of horizontal momentum.
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In order to facilitate the analysis of orographic flows, two nondimensional numbers are
defined, the Rossby number, and the nondimensional mountain height, sometimes referred
to as the inverse Froude number. Scale analysis of terms Il and IV in Eq. (1) yields respectively
U?/L and fU. The ratio of these two terms is the Rossby number

Ro=U/fL

A popular interpretation of the Rossby number is a measure of to what extent the flow is
geostrophic. If the Rossby number is far below unity, term IV dominates term II and the flow
is close to geostrophic. Another way of formulating an interpretation is whether it is the
Coriolis term or the nonlinear terms that act to balance a pressure gradient in frictionless
and stationary flow.

Another dimensionless number, referring to energy and associated with the gravity term
(V) and the nonlinear terms (II) in Eq. (1) is the nondimensional mountain height or the in-
verse Froude number

Fr'=Nh/U

where N is the Brunt-Vaisala frequency or the static stability of the airmass, h represents the
vertical distance a particle ascends, or the height of the obstacle on which the flow is imping-
ing, and U is the flow speed. The Ni/U may be interpreted as the ratio of the potential energy
associated with the stratification of the flow ascending the mountain, and the kinetic energy of
the flow. Ni/U may also be interpreted as a measure of the internal gravity wave speed to the
speed of the flow itself.

Patterns of atmospheric flow in the vicinity of a mountain may be classified according to
the values of the above dimensionless numbers, Ro and Fr~'. The diagram in Fig. 1 shows
these patterns schematically. In the upper left corner (high Ro, low Nh/U), there is typically
an airmass with low static stability impinging on low obstacles and there is a negligible
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FIG.1 A diagram of the main patterns of orographic flows, classified according to the values of the dimensionless
numbers Ro and Nh/U.
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impact of the Coriolis force upon the flow pattern. This is often referred to as flow over hills.
Such flows are characterized by relatively fast flow on the top of the hills, but weaker flow at
lower elevations, in between hills. The flow pattern may be sensitive to surface friction and
the shape of the terrain, particularly on the downwind side, where a boundary-layer separa-
tion and wake formation may occur. Simulating such a pattern is hard and a true challenge for
the parameterization of the numerical models. A review of flow over hills is given in, for in-
stance, Belcher and Hunt (1998).

In the upper middle part of the diagram, there is a celebrated zone of amplified gravity
waves and high orographic drag. The flow upstream of the mountain is in general not
blocked, except perhaps at the bottom of the boundary-layer. Above the mountain, there
are amplified gravity waves that may trail downstream and to some extent laterally. The flow
in the gravity wave above the mountain is fast on its way downwards, but slow on its way
upwards. Accordingly, the phase lines of the waves tilt upstream with height. The greater the
amplitude of the waves are, the stronger is the acceleration in the downward flow. At the sur-
face of the earth, this flow is often referred to as a downslope windstorm. A downslope wind-
storm may also occur where the waves are not very amplified. In this case, they are
considered to break below a critical layer, above which the waves do not penetrate (e.g. Smith,
1985). Downslope acceleration and subsequent wake formation further downstream may also
be described within the shallow water framework, where the flow moves from a subcritical to
supercritical state over the mountain, accelerates over the downslopes, after which it decel-
erates suddenly in a hydraulic jump. The downslope acceleration does indeed occur in ideal,
vertically nonstructured flow (e.g., Durran, 1990; Olafsson and Bougeault, 1996), but the
downslope acceleration is known to be sensitive to the vertical profile of the flow. Strong
wave development is often associated with a stable layer or an inversion and a moderate
change in the strength or the position of the inversion may have large impacts on the gravity
waves and the downslope flow. Amplification of the waves and strong downslope flow may
be enhanced by a positive vertical wind shear, while trapping of the wave energy at low
levels, and strong downslope winds may also be favored by a negative vertical wind shear
or a directional wind shear. The extent of the downslope windstorms, and the downstream
flow pattern in general, is quite variable, ranging from smooth wavy field to well mixed tur-
bulent flow. Hertenstein and Kuettner (2005) have proposed a diagram to classify the down-
stream flow where the key variables are the vertical wind shear, and the inversion strength.
Agtistsson and Olafsson (2010, 2014) have described two types of strong downslope flow an
extended windstorm with no waves downstream, and a windstorm with a short downstream
extension, and a wavy downstream flow field. The above papers include references to many
articles dealing with different aspects of downslope acceleration.

In short, there is no universal theory of downslope windstorms in vertically nonuniform
stratified flow, but in general, strong winds, and statically stable layers, particularly close to
mountain top level, favor downslope acceleration. An extensive description of waves and
other aspects of stratified and vertically structured flows over obstacles is given in Baines
(1995).

In the upper right corner of the diagram in Fig. 1, there is blocked flow with corner/gap
winds, and a wake, shown schematically in Fig. 2, and in a high-resolution simulation of real
flow in Fig. 3. This is typical for high mountain ranges, and for moderate to low mountain
ranges in weak winds. In blocked flows, there is a large area of weak winds upstream of
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FIG. 2 A schematic of the main patterns of mesoscale orographic flows.
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FIG.3 Wind speed at 10m (m/s) and identification of some of the main elements of mesoscale orographic flows in
a case of northeasterly flow over Iceland on 29 June 2020 at 06 UTC. "GWDW" stands for gravity wave and a down-
slope windstorm. The flow is simulated in real-time by the numerical model Harmonie operated by the Icelandic
Meteorological Office and the Danish Meteorological Institute at a horizontal resolution of 2.5km.

the mountain, called a blocking, and a speed-up where the flow leaves the blocking. There is
relatively fast flow at the mountain edges, from which jets may extend large distances. These
jets are often referred to as corner winds or gap winds. Barrier winds may blow along the
mountain, away from the blocking. A simple way of looking at the dynamics of the blocking
is to consider conservation of energy along a streamline approaching the mountain, referring
to terms II, I1II, and V in Eq. (1). This gives, after integration
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here, the kinetic energy of the flow is redistributed to increased pressure, and increased po-
tential. This happens as the flow meets the mountain, decelerates, ascends, and the pressure
increases, relative to the pressure at the same elevation further upstream of the mountain.
Traditionally, the term blocking refers to stagnant flow, i.e., that the surface flow is unable
to overcome the potential barrier of the mountain, and stagnates. The onset of blocking
has been dealt with by many authors, such as Smith (1989) and Smith and Grenas (1993).
There may, however, be considerable upstream deceleration on the upstream side, but no
blocking, and yet the region of decelerated flow is often referred to as an upstream blocking.
On the downstream side of the mountain, there is relatively low pressure, and in flow de-
scribed by linear theory (which, strictly speaking, refers to the low values of the Nh/l),
the upstream, and downstream pressure anomalies are symmetric, but with opposite signs
(Smith, 1989). The associated horizontal pressure gradient drives the corner or gap winds,
and such winds have been investigated, and described by many authors, such as Olafsson
and Bougeault (1996), Zangl (2002), Gabersek and Durran (2004, 2006), and others.

The orographic wake is an extended region of reduced wind speed downstream of a moun-
tain. The dissipation of the kinetic energy of the flow of the wake may have taken place in
breaking gravity waves or a hydraulic jump over the downslopes of the mountain, or
elsewhere at the edges of the wake, referring to the last terms in Eq. (1), extended to all three
dimensions. There may be a wake whether or not there is a downslope windstorm, and break-
ing waves. In fact, there are large, and extended wakes in flows with very high Nk /U with
very little wave activity, and most of the flow diverted around the mountain, and not over the
mountain. Dynamic aspects of mountain wakes, and how they relate to the ambient flow are
discussed thoroughly in Smith et al. (1997), Rotunno et al. (1999), and Epifanio and Rotunno
(2005), and aspects of the dissipation of kinetic energy, and the generation of potential
vorticity associated with a mountain wake in stratified flows are presented comprehensively
in Schar and Smith (1993), and idealized flows with bottom friction are addressed by Grubisic
et al. (1995).

On the left side of the lower part of the diagram in Fig. 1, there is close to geostrophic flow
over a large mountain ridge. This flow is characterized by a geopotential ridge above a wide,
and large mountain ridge. The classic paper presenting such a solution is Queney (1948), and
a popular textbook description of the ridge is derived from conservation of potential vorticity
on a rotating earth. This flow pattern is on quite a large scale, and is, in general, well
reproduced by numerical models.

To the right, in the lower part of the diagram, we have low Rossby number flows, which are
at the same time blocked on the upstream side of the mountain, and with a downstream wake.
A relatively large proportion of the low-level flow is diverted to the left as it meets the moun-
tain, and on this side, there is acceleration. There is flow stagnation on the upstream right
flank of the mountain (facing downstream), but acceleration on the right hand side of the
wake (still facing downstream). Olafsson (2000) and Petersen et al. (2005) presented a collec-
tion of solutions of such asymetric flows within the idealized framework. Classic examples of
the upstream acceleration are the jet in southwesterly flows at Stad in W-Norway (Barstad
and Grenas, 2005; Jonassen et al., 2012), the Cape Tobin jet at E-Greenland (Olafsson etal.,
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2009), and the northeasterly flows to the southeast of Greenland (Moore and Renfrew, 2005;
Olafsson and Agﬁstsson, 2009; Petersen et al., 2009). An example of a much celebrated jet to
the right hand side of the wake (facing downstream) is the Greenland tip jet, extending hun-
dreds of kilometers to the east from the southernmost tip of Greenland (Cape Farewell)
(Doyle and Shapiro, 1999; Petersen et al., 2003). A popular presentation of the asymmetry
of the flow field is geostrophic adjustment to the pressure anomalies generated by the moun-
tain. The upstream high accelerates the flow that is deviated to the left of the mountain, while
the downstream low accelerates the jet emanating from the right hand edge of the mountain
(facing downstream).

3 Forecasting the orographic flows

A primary requirement for accurately reproducing patterns of orographic flows in a nu-
merical weather prediction model must be that the model reproduces the topography accu-
rately. Needless to say, this depends highly upon the horizontal resolution of the model; if the
model resolution is too coarse to reproduce a mountain, the flow pattern associated with that
mountain will inevitably also be missed by the model. Coarse-resolution models tend to un-
derestimate the height of mountains, unless the width of the mountains is much greater than
the distance between grid points of the model. In such cases, the maximum wind speed in
corner winds, and the minimum wind speed in wakes, and blockings are systematically
underestimated by the models. This underestimation is particularly strong if each of the
two worlds, the real world, and the model world fall into two different regimes, i.e., blocked,
and nonblocked flows. The intensity of corner winds, gap winds, wakes, and blockings may
also be sensitive to the steepness of the slopes. Consequently, too gentle slopes in a numerical
model tend to lead to an underestimation of the magnitude of the acceleration or the decel-
eration of the flow in the respective regions.

Even though all relevant topographic elements are well resolved, there are still uncer-
tainties that may be characterized as systematic. Assessing these uncertainties is important
for interpreting the model output for forecasting, and may be useful for systematic assess-
ment of uncertainties in the context of postprocessing the model output. These uncertainties
may, in general, be classified in the following categories: regions of spatial gradients, flow
close to the limits of regime changes (e.g., blocked to nonblocked flow), gravity waves,
and hydraulic jump-like flows, and features with high temporal variability.

Regions of strong horizontal, and vertical gradients are in general preferred locations for
uncertainties, due to uncertain position of the edges, and to some extent to uncertainties in the
magnitude of the jets. A small change in the direction of the wind upstream of a mountain
will, in most cases, lead to a similar shift in the position of the orographic flow pattern. Certain
locations, close to the edges of regions of weak or strong winds, will move from being inside
of a region of strong winds to entering a region of weak winds or vice versa. A typical error of
this kind is when a given location at the outer edge of a wake moves between being inside the
corner wind, or inside the wake. Fig. 4 shows an example of a wake, and jets emanating from
the mountains of SE-Iceland in northerly winds. The two panels in Fig. 4 are output from a
model simulation with an interval of 1 h. There are negligible changes in the upstream winds,
but inside the encircled area on the downstream side, the wind speed increases from 5 to
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FIG. 4 Wind speed at 10m (m/s) in the wake of the mountains of SE-Iceland in northerly flow over Iceland on 5
June 2020 at 05 and 06 UTC. An area with large temporal variability in the wake is encircled. The flow is simulated in
real-time by the numerical model Harmonie operated by the Icelandic Meteorological Office and the Danish Mete-
orological Institute at a horizontal resolution of 2.5km.

15m/s in the eastern part of the area, while in the western part of thearea, the wind speed is
reduced from 13 to 3m/s. These specific changes in wind pattern occur over the ocean, and
they are hardly ever verified, but in cases like this, the model is unlikely to be consistently
correct in time, and space. In the case of Fig. 4, the jets emanate from lowerings in the topog-
raphy, and they are modulated by gravity waves to an uncertain extent. The vertical extent of
wakes is typically less than the height of the mountain that generates the wake, and in the case
of a shallow wake, the relatively strong winds above the wake may penetrate down to the
surface, either by turbulent mixing or by vertical transport of momentum in gravity waves.
This penetration may be very hard for numerical models to reproduce accurately, regardless
whether it is driven by gravity waves or turbulent mixing, and even if the models were very
capable of reproducing both the mixing, and the gravity waves, both processes may be very
sensitive to both wind, and static stability, and a small change or error in either parameter
may lead to large changes or errors in the flow.

At the limits of flow regimes, small changes in the upstream flow or small modifications of
model calculations, such as in the treatment of turbulent mixing, may trigger a shift from one
flow pattern or regime to another. Blocked flow with stagnation on the upstream side of a
mountain, and a wake on the downstream side may thus enter the “flow over” regime with
only little upstream deceleration, and no wake. Fig. 5 illustrates such a change; first, there is an
upstream blocking (encircled), but an hour later, the blocking has disappeared, and yet there
are only minor changes in the upstream wind field, and the static stability.

A multitude of aspects of gravity waves, including uncertainties in their generation, am-
plification, propagation, and breaking have been addressed by a very large number of authors
in the scientific literature. There is no universal theory of gravity waves in a nonuniformly
layered flow, and their simulation is still a challenge to numerical models. The waves are sen-
sitive to changes in the profile of wind, and stability for at least certain values of both profiles
at certain levels, depending on the mountain on which the flow impinges, and the properties
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FIG. 5 Wind speed at 10m (m/s) in southerly flow over Iceland on 11 June 2020 at 06 and 07 UTC. An area with

large temporal variability in the blocking upstream of the mountains of NW-Iceland is encircled. The flow is simu-
lated in real-time by the numerical model WREF, operated by Belgingur Ltd. at a horizontal resolution of 3km.
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FIG. 6 Wind speed (m/s) and isentropes (K) in a S-N section across E-Iceland in northerly flow on 5 June 2020 at
15 and 16 UTC. The flow is simulated in real-time by the numerical model Harmonie operated by the Icelandic Me-
teorological Office and the Danish Meteorological Institute at a horizontal resolution of 2.5km.

of the surface of the earth below the waves (e.g., Jonassen et al., 2014). They may also be sen-
sitive to model details such as treatment of dissipation (Doyle et al., 2000) or even moisture
(Rognvaldsson et al., 2011). Even though many case studies appear to be able to reproduce the
surface winds, and even parts of the wave pattern above, often after considerable tuning of
tunable parameters of the numerical model, forecasting waves, and the associated downslope
winds, remains a challenge. Fig. 6 illustrates the large spatial and temporal variability of the
flow associated with gravity waves. In only 1 h, the downslope surface winds increase dra-
matically and the wave pattern above has changed very much. Yet, there are no clear signs of
changes in the upstream vertical profiles of wind and temperature Reinecke and Durran
(2009) expressed this uncertainty in the following words concluding a study based on cases
from the T-REX field campaign: “neither case suggests that much confidence should be
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placed in the intensity of downslope winds forecast 12 or more hours in advance.” Fig. 7,
which shows the performance operational high-resolution numerical forecasts with lead time
of 24h, based on data from 2017 to 2019 is in line with this; there is very little predictive skill
for cases of downslope winds, where either the predicted or the observed winds are above
15m/s.
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FIG. 7 Observed and forecasted (+24h) wind speed at Fagurh6lsmyri, SE-Iceland in winds from the NE (Corner
winds) and at Kvisker, SE-Iceland in winds from the W or N (Downslope winds). The numerical forecast is from the
operational suite of the model Harmonie at a horizontal resolution of 2.5km with initial and boundary conditions
from the ECMWF.
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FIG. 8 Observations of surface wind speed at Kjalarnes, SW-Iceland on 7 January 2011 during a downslope wind-
storm. Data provided by the Icelandic Road Administration (Vegagerdin).

Temporal variability poses considerable uncertainty upon the forecasting of small-scale
orographic flows, particularly on gravity waves, and downslope windstorms. High temporal
variability of the winds is an integral part of gravity waves, and it is considered to be partic-
ularly important if the waves are breaking, as they go through phases of buildup, and break-
ing with large impacts on the surface wind speed. Turbulence is also associated with high
temporal variability. Fig. 8 shows about 5 hours of instantaneous (2s) wind speed at the foot-
hills of Mt. Esja in SW-Iceland during a downslope windstorm The temporal variability is
large on various time scales. There is definitely much turbulence, but one may assume that
a part of the variability in Fig. 8, on the time scale of minutes to hours, is associated with grav-
ity waves, either building up or breaking, and moving in space. Within the framework of shal-
low water, this may be expressed as variability associated with hydraulic jump-like flow
features.

4 Future improvements

General improvements in the assessment of initial, and boundary conditions as well as
more sophisticated treatment of elements such as turbulence, and dissipation in numerical
models can be expected to lead to improvements of the representation of the above details
of mesoscale orographic flows. To the extent that increased resolution leads to improvements
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in the representation of the topography, increased resolution may be expected to give better
point forecasts. Apart from model issues such as representation of turbulence, and other
boundary-layer processes, increased resolution tends to sharpen horizontal wind gradients,
and may lead to fewer but bigger errors in regions with oscillating or uncertain position of the
gradients.

In view of the sensitivity of gravity waves to the vertical profile of the atmosphere, im-
provements in vertical model resolution, and details in the initialization of features such
as inversions, and vertical profile of winds will most likely lead to improvements in the fore-
casting of downslope windstorms.
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