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1 | INTRODUCTION

Abstract

This note is framed as an open question to the community regarding
parameterisation schemes using the blocking layer depth to reduce the oro-
graphic gravity wave drag. It is the purpose of this note to argue that the cur-
rent orographic gravity wave drag parameterisation in the vicinity of blocking
is inadequate. Reducing the gravity wave amplitude (and thereby reducing the
gravity wave drag) by assuming an effective mountain height dependent on
the blocking depth is not realistic. The arguments given here will hopefully
spark a debate and new considerations, ultimately leading to improvements in
current orographic gravity wave drag parameterisations. This note illustrates
that low-level blocking can induce more gravity waves or gravity waves with a
higher momentum flux (compared to the current parameterisation schemes).
More realistic parameterisation schemes are likely to improve the models' per-
formance. However, the fact is complex theories are needed to describe gravity
wave excitation by orography so that it is difficult to represent gravity wave

nature by a ‘too simple’ parameterisation scheme.
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schemes are expected to be around for some time to come.
Correct parameterisations are required to represent real-

The parameterised part of the gravity wave (GW) spectrum
is ever-shrinking with increases in computational power.
However, Berner et al. (2017) suggest that in future compu-
tational resources can likely be directed to running more
ensemble members or running an Earth system model.
Recently Lang et al. (2021) doubled the operational Inte-
grated Forecast System (IFS) vertical resolution and still the
model required parameterisation schemes. This means at
the highest feasible resolution the whole GW spectrum is
far from being resolved. With these trends and the restric-
tion on computational growth in mind, parameterisation

world dynamics which the model cannot resolve.

Gravity waves are important for the dynamics in the
atmosphere (Fritts & Alexander, 2003; Sato & Hirano,
2019). It is well known that to have a respected and accu-
rate model, GW drag needs to be represented realistically.
However, Sandu et al. (2016) found models differ by as
much as 20% in their surface sub-grid stress. To represent
reality, GW parameterisation schemes are required to
represent GWs not explicitly resolved in the model. Every
model is different concerning the amount of drag pro-
duced. Some models adjust the GW drag by looking at
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basic variables, and others have a ‘knob’ in their equa-
tions which can be used to increase or decrease the drag
(Kim & Doyle, 2005; Polichtchouk et al., 2018; Sandu
et al., 2016). This reveals the uncertainty and lack of
physical realism in these schemes.

Recently Plougonven et al. (2020) highlighted the
remaining unaccounted GW phenomena in parame-
terisation schemes; secondary emission, lateral propagation
and transience. The community is actively addressing these
issues. For example, a new transient GW parameterisation
scheme is currently being developed (Boeloeni et al., 2021;
Kim et al., 2021), and the BMBF WASCLIM ROMIC II pro-
ject develops a mountain wave (MW) model to help address
lateral propagation (based on Bacmeister et al., 1994).
Recently, Van Niekerk and Vosper (2021) implemented a
‘scale-aware’ orographic GW drag scheme that represents
the whole sub-grid GW spectrum. Many other studies
exist with constant improvements being made in GW
parameterisation schemes (de la Camara et al., 2016; Garcia
et al.,, 2017; Lott et al.,, 2012; McLandress et al., 2012;
Plougonven et al., 2020; Polichtchouk et al., 2018; Xie et al.,
2019). Currently, an ISSI Team exists focusing only on iden-
tifying constraints on orographic GW drag (http://www.
issibern.ch/teams/consonorogravity). Even observational
campaigns have dedicated objectives to improve under-
standing of GWs for improvement of parameterisation
schemes (Fritts et al., 2016; Rapp et al., 2021; Serafin et al.,
2020). The amount of ongoing work in the community is
indeed refreshing. This note does not intend to address any
of the above issues, but instead hints at a new one.

Wind flow is blocked by a mountain barrier if it does
not have enough momentum to ascend the barrier.
Blocking is found in all mountainous areas, as long as
the stability and wind requirements are met (Smith,
2019). Blocking takes place when cold stable air does not
have sufficient momentum to pass over a barrier and is
deflected (Geldenhuys et al., 2019; Neiman et al., 2010;
Smith, 2019). Locally, this results in a higher pressure
with an increase in the pressure gradient and in turn a
stronger wind. The mountain deflects the wind and a
low-level wind is formed parallel to the mountain barrier.
This stronger (and deflected) wind is called the blocking
jet (although it is called a jet it merely acts as a reference
to the stronger wind). This low-level jet is characterised
by a higher pressure, stronger winds and a deflected wind
direction. This jet continues to build upwind and has
been observed to extend up to 200 km upwind of the bar-
rier (Loescher et al., 2006).

Most MW parameterisation schemes (Kim &
Arakawa, 1995; Kim & Doyle, 2005; Lott & Miller, 1997;
Pierrehumbert, 1986; Sandu et al., 2016; Xie et al., 2019)
have the GW drag dependent by some means on low-level
blocking. Schemes building on Pierrehumbert (1986)

(Kim & Arakawa, 1995; Kim & Doyle, 2005; Xie et al.,
2019) scale the GW drag at reference level with the wind
projected onto the low-level wind direction (the blocking
wind direction). In a typical blocking case, the wind direc-
tion at low levels and the reference level (above the ter-
rain) can differ anything from a few degrees to ~90 . This
means that the wind entering the GW drag, Equation (1)
(eq. 6 from Kim & Doyle, 2005) can be reduced drasti-
cally, reducing the resultant GW drag. To illustrate the
maximum reduction, a blocking case from Geldenhuys
et al. (2019) is represented in Figure 1d. If the wind at ref-
erence level (dashed arrow) is projected to the blocking
jet direction the wind speed would reduce to = 0

m |U0|3
7owp = poE-—G )
Pt No

(1)

where zgwp is the calculated GW drag, p, is density, E is
an enhancement factor, m is the number of mountains,
Aegr is the grid length or acts as a tuning coefficient, G is
an asymptotic function to facilitate a smooth transition
between 2D blocking and non-blocking cases, Uy is hori-
zontal wind speed at reference level that is projected onto
the low-level wind direction (blocking jet) and N is the
low-level Briint-Viisdld frequency. For an in-depth
explanation of the formula and its terms, refer to Kim
and Doyle (2005).

In schemes building on Lott and Miller (1997)
(e.g., the European Centre for Medium-Range Weather
Forecasts (ECMWF), see Sandu et al., 2016), the GW drag
is reduced exponentially depending on the blocking layer
depth (egs. 2 and 3 from ECMWF, 2015). ECMWF
employ

6wp = pobG;sB(y)NUH, (2)

where b is the mountain height variation in the along-
ridge direction, G; is a function of mountain sharpness, y
represents mountain anisotropy and B is a function of y
which can vary from 1 for a 2D ridge and z/4 for a circu-
lar mountain. Hg is the effective mountain height repre-
sented by

Hess =2(H — Zpik), (3)

where H is the ridge height and Zyy is the depth of the
blocking layer. Equation 3 shows that the GWD depends
exponentially on the blocking layer depth. The models
assume that with an increase in the blocking layer depth,
the layer of wind approaching the terrain is reduced, and
the GW field is reduced (Figure 1b as opposed to the nor-
mal case of Figure la). Many idealised 2D models also
follow this approach and reduce the GW field depending
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FIGURE 1 Mountain waves as assumed by the model parameterisation schemes. Mountain dimensions are based on the case by
Geldenhuys et al. (2019), but can take any values. Green circles indicate the air parcels being uplifted and dotted lines indicate the wind
perpendicular to the mountain ridge. Panel (a) shows the typical MW formation. Panels (b) and (c) show what the model assumes different
stages of blocking (shaded part) and what its corresponding MW look like. Note that Panel (c) represents a complete blocking layer up to
mountain height. Here, the model perceives no vertical displacement, thus producing no GW drag. Panel (d) shows the blocking situation
from above. The large arrow represents the blocking jet (dynamic barrier) the solid arrows represent the incoming low-level winds and the
dashed arrow indicates the wind ~ 500 m above the terrain. In Equation (1), the dashed arrow projected onto the large arrow form U,. The

figure is not to scale

on the depth of the wind approaching the barrier. This
assumption reduces the amplitude of the GW (it is impor-
tant to take note of this, as the rest of this note will fre-
quently refer to this reduction). This means that the
assumed (by the models who have some variant of this
configuration) GW depends only on the wind from the
blocking layer top to the mountain top. Although this is
based on semi-sound principles, I argue this can cause
the model to underestimate GW drag. In the following
sections of this note, I suggest that a more realistic
approach would be if parameterisation schemes account
less for the blocking layer in GW generation.

2 | WHYDO PARAMETERISATION
SCHEMES ACCOUNT FOR THE
BLOCKING LAYER IN
DETERMINING GW DRAG?

Compared to the environmental conditions, the blocking
region is characterised by a higher pressure, stronger
wind and a deflected wind direction (Geldenhuys et al.,
2019; Neiman et al., 2010; Smith, 2019). This blocking

region with different characteristics forms a dynamic bar-
rier (Geldenhuys et al., 2019; Neiman et al., 2010). The
dynamic barrier takes a variety of different names in lit-
erature, for example Bell and Bossart (1988) refer to it as
a cold dome with a low-level wind maximum while it is
called flow blocking in Barry (2008) and barrier jet in
Smith (2019).

This dynamic barrier represents a mountain-like struc-
ture. Parameterisation scheme approximations assume that
the dynamic barrier reduces the depth of the wind compo-
nent perpendicular to the mountain (Figure 1). This means
that a parcel of air will be displaced a shorter vertical dis-
tance (Figure 1b) compared to the normal case (Figure 1a),
meaning a ‘smaller” MW will form with a lower amplitude
(Hegr in Equations 2 and 3 show this). If the blocking layer
is at maximum depth (up to ridge height—Figure 1c) then
the parameterisation scheme assumes no MWs will form.
Now that the parcel of air was not displaced in Figure 1c,
there should not form any MWs. This approach seems cor-
rect, but incorrectly assumes the width of the blocking
layer is infinite.

The width of the blocking layer will depend on the
barrier and meteorological conditions in question. The
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width of blocking layers has been observed in many parts
of the world, for example; 50 km in British Columbia
(Overland & Bond, 1995), 80 km in South Africa
(Geldenhuys et al., 2019), 81 km in the Gulf of Mexico
(Luna-Nino & Cavazos, 2017) and 1-200 km in Alaska
(Loescher et al., 2006). The width of the blocking jet can
be anything from a few kilometres to a few hundred
kilometres. This means the blocking layer width is within
the same to 1 order of magnitude higher than the moun-
tain width, but not infinitely wide. The model approaches
discussed in this note focus on the direct vicinity of the
mountain and fail to capture the characteristics of the
larger system. It is the characteristics of the larger system
that are relevant for the excitation of MWs.

3 | CONSIDERATIONS OF THE
BLOCKING LAYER INFLUENCE ON
DETERMINING MODEL GW DRAG

The blocking layer is known to be a narrow-sloping layer
(Bell & Bossart, 1988; Geldenhuys et al., 2019; Neiman
et al., 2010; Parish, 1982) as long as no upwind topogra-
phy exists in the close vicinity. The dynamic barrier will
have a maximum depth at the mountain face and will
slope in the upwind direction (Figure 2). This means that
an air parcel approaching the sloping barrier will either
help build the blocking jet outwards or will be forced to
rise above this ‘mountain-like’ structure. As early as Bell
and Bossart (1988), it was suggested that the air parcel
will rise above the sloping blocking layer (Figure 3). The
air parcels passing over the dynamic barrier will be
forced to rise from the surface to mountain height. The
displacement height and the required work is the same
as in the traditional MW case (Figure 1a). At the moun-
tain top, the air parcels in Figure 2 will not be at equilib-
rium altitude and will fall to the lee side, forming an
MW. The MW forming during blocking conditions will
have an amplitude comparable to the case without a

blocking layer, and should not be reduced as Equations 2
and 3 suggest.

It should be kept in mind that although the vertical dis-
placement remains the same in the two cases (no blocking,
Figure 1a, and realistic blocking layer, Figure 2), the GW
field will differ. Multiple reasons are the cause of this. First,
the width of the mountain has changed from a narrow
ridge (barrier) to a broad barrier (as the blocking layer adds
to the width of the barrier). Second, the blocking jet can
produce its own MWs. The blocking jet blows parallel to
the main ridge but perpendicular to the side ridges leading
up to the main ridge. These have been observed to excite
MWs and can cause different GWs to interfere; forming a
complex pattern (Van der Mescht & Geldenhuys, 2019).
The blocking air can also spill over the mountain forming
an MW or a hydraulic jump (Geldenhuys et al., 2019).

The width of the barrier (mountain + dynamic barrier)
will affect the GW field. In the blocking case, the horizon-
tal wavelength of the GW will be longer since the displace-
ment starts further upwind (Figure 2). A longer horizontal
wavelength will reduce the GW momentum flux, but not
nearly as much as the temperature amplitude. The effect of
the temperature dominates in the model parameterisation
scheme as the GW momentum flux can be brought to zero
for a full blocking layer (when the temperature amplitude
is 0 K). A longer horizontal wavelength can only reduce
the GW momentum flux slightly (compared to zero GW
momentum flux for an amplitude of 0 K). The fact that Hg
is squared in Equation 2 shows that the displacement
height (directly proportional to the amplitude) affects the
GW momentum flux exponentially in the model. Hence, it
can be said that an incorrect horizontal wavelength is not
nearly as bad as an incorrect temperature amplitude.

A blocking jet blowing parallel to the main ridge form
ideal conditions for short horizontal scale MWs. The
strong wind in a stable environment will blow over all
the side ridges running up to the main ridge and has
been linked with short-wavelength GWs producing
severe turbulence (Van der Mescht & Geldenhuys, 2019).

Temp =
288 K
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FIGURE 2

Airflow as expected in the vicinity of a blocking region. The blocking layer (shaded) is complete and extended up to ridge

height while taking the form of a sloping dynamic barrier. Green circles indicate an air parcel being uplifted and the dotted line indicates

wind flow projected perpendicular to the ridge. The figure is not to scale
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Models using an anisotropy parameterisation scheme
with a high-resolution orographic field can theoretically
account for this.

FIGURE 3 Adapted from Bell and Bossart (1988), who first
suggested that the airflow will flow over the sloping blocking

region. The incoming stable flow is deflected by the mountains to
produce a blocking jet. The blocking region is known to be more
stable, with a colder temperature and higher pressure. This region
is indicated by the blue sloping dynamic barrier. Note the winds
upwind of the blocking layer ascend the dynamic barrier as well as
the mountains. The mountain wave cloud is not present in the
original drawing, but was added here to show that the wind flowing
over the barrier can induce GWs
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FIGURE 4 Fig. 9c from Kim and
Doyle (2005) show an idealised
modelling study over the Rockies. The
wind blows from left to right in this plot.
The grey shading shows zonal wind and
the contour lines indicate potential
temperature. Note the lack of vertical
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A second mechanism in which a blocking layer can
directly produce MWs is by air spilling downwind.
Once the blocking layer reaches the altitude of the
mountain ridge the blocking layer will continuously
weaken by air spilling to the lee side. The spilt cold
blocking air will accelerate down the lee slope and can
adjust forming a hydraulic jump. The air rushing down
the lee side has many implications (e.g., displacing cold
pools, Lareau & Horel, 2014), but the important one
here is the hydraulic jump that can form a propagating
GW. The top of the blocking layer is characterised by a
transitional Froude number (~ 1). Such a Froude num-
ber has long been linked with producing waves in the
lee of mountains (Figure 4). Such a mechanism has been
observed from katabatic winds in Antarctica (Vignon
et al.,, 2020; Watanabe et al., 2006; Yu & Cai, 2006)
and in the blocking regime in South Africa (Geldenhuys
et al., 2019).

Figure 5 from an idealised modelling study is good
evidence of GWs originating from air spilling downwind.
Note how the potential temperature lines indicate no
upward displacement of isolines directly upwind of the
barrier. This most likely indicates a blocking layer,
inhibiting the air to be displaced in the normal manner.
Also note the GW structure directly downwind of the bar-
rier similar to what Figure 2 suggests. The GW structure
is visible up to 8 km in Figure 5, highlighting the impor-
tance of this mechanism.
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FIGURE 5 Flow over mountainous terrain with a subcritical,

supercritical and transitional Froude number. The hydraulic jump
will also take place during transitional flow. Adapted from
Bradbury (1991)

Blocking creates a broad barrier that can produce
GWs via alternative methods. Triib and Davies (1995)
provide a good overview of GWs that forms over a broad
ridge (classified as having a halfwidth of up to a few hun-
dred kilometres) for wind flow of differing Rossby num-
bers. Geldenhuys et al. (2021) introduces a new
mechanism where a broad ridge (halfwidth ~ 1500 km)
pushes the tropospheric jet out of geostrophic balance as
an indirect source for GWs. Depending on the model res-
olution, some of these GWs may be resolved, but that
would require the blocking layer and the ridge to be ade-
quately resolved.

4 | CONCLUSION

This note sets out to provide an argument to spark
a debate among the GW community. The argument
state that in contrast with current GW parameterisation
schemes, the GW drag in the vicinity of blocking should

not be reduced. Current parameterisation schemes
reduce the incoming flow (and the resultant GW drag) by
assuming the blocking layer is a new surface stretching
infinitely upwind (called the effective topography). For a
long time literature has dictated that the blocking layer is
indeed sloped with a finite width (Figure 3), yet the
model parameterisation schemes still ignore this. The
main argument presented here states that the blocking
layer forms a dynamic barrier that resembles a local
extension of the mountain. Airflow impinging on a slop-
ing blocking layer needs to join (and be deflected) this
layer or be uplifted above this layer. The uplifted air
resembles air being lifted by the mountain itself (Figures
2 and 3), hence the mountain just got broader. Para-
meterisations that take the grid points directly at the
mountain and reduce the drag due to blocking will
exclude the airflow from upwind (which is also uplifted
and pass over the barrier).

Air being uplifted by a dynamic-mountain-barrier can
result in several different GW formation patterns above
and on the lee side. This note lists some of these patterns,
but it is not the purpose of this note to review these pat-
terns in detail. To illustrate one of the large shortcom-
ings, let us assume an example of a complete blocking
layer extending from surface to mountain peak. Current
parameterisations assume no GW drag from this example
(Figure 1c). However, stable heavier air will spill over the
mountain and accelerate down the lee slope, surpassing
equilibrium and forming a GW (Figure 2). This pattern is
analogous to katabatic winds forming GWs off the coast
of Antarctica. Similarly, parameterisations will represent
GWs forming in a blocking layer with a proportional
reduced GW drag; however, the origin of the air is much
lower than the represented level (taken by the model as
the top of the blocking layer). Meaning a GW will form
with a larger amplitude and more drag. Literature indi-
cates that broad ridges can result in indirect GWs by
compressing the air above (Geldenhuys et al., 2021;
Triib & Davies, 1995). This is another GW production
mechanism that models will miss.

All of the above patterns will excite GWs that propa-
gate upwards and outwards depositing momentum as
they break. Model parameterisation schemes do not
account for this drag. I fully concede that in reality, the
GW field with no blocking layer and with a blocking
layer will look starkly different. How to represent this
better remains an open question, but, reducing the GW
drag in the vicinity of blocking to the current extent
(to zero in some instances) might not be the best
approximation.

An interesting experiment would be to undo these
blocking limitations in the model and evaluate the impact.
Naturally, the ‘knob’ present in all GW parameterisation
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schemes might have to be turned down as the knob acts
to compensate for the errors in the scheme. A high-
resolution LES simulation will be another useful tool in
analysing this. Overall it is my opinion that more work is
required to improve the accuracy of the parameterised
GW drag in the model, this consideration might contrib-
ute to this.
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