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1 Introduction

Today, surface orography influences the results of HIRLAM via explicitly resolved dynamics
and parametrization of the surface momentum flux due to small-scale turbulence. This means
that the only parameter determining the effects of the subgrid-scale orography is the orographic
roughness. However, it is physically incorrect to describe mountain waves or flow blocking
effects caused by the subgrid-scale obstacles by treating them as enhanced turbulence. Also,
in an attempt to handle all mountain effects the orographic roughnes parameter may be tuned
to unrealistically large values. There is some evidence that the lack of proper subgrid-scale
orography parametrization causes problems for the model and for the turbulence parametrization
in particular. The need for an subgrid-scale orography parametrization in relation to subgrid-
scale obstacles decreases as the model resolution grows well below 5-10 km. In this case the
generation of all mountain waves is expected to be resolved with sufficient accuracy. However,
wave dissipation might still need an additional parametrization. Thus, in the present versions
of HIRLAM with a resolution coarser than 5-10 km a parametrization is needed to account for
subgrid-scale orographic effects.

An additional problem is that the method of derivation of the orographic roughness in the
present reference HIRLAM is not entirely correct. The values of orographic roughness should
depend on the model resolution but the reference system of climate data generation uses a fixed
resolution to determine this parameter. Also, specific orography-related problems arise with
connection to the explicit dynamics. It has been shown that wave structures below about 3Axz
are not handled correctely and may create additional noise for the model. Orographic features
generating such waves should better be filtered out.

In this study the first results of implementing a subgrid-scale orography (SSO, often referred
to as gravity-wave drag) parametrization are described. The scheme implemented is imported
from Meteo France. Some background information about the scheme is given in Ch. 2 and the
orography-related variables are discussed in Ch. 3. Diagnostic variables are presented in Ch. 4
while the results of a case study with the new scheme are analysed in Ch. 5. Some conclusions
with proposals for further studies finish the report.

2 Meteo France SSO parametrization scheme

The subgrid-scale orography parametrization scheme of this study is the one used in the Arpege-
Aladin forecast system. Documentation of the parametrization can be found in Cordoneanu and
Geleyn (1998) and in the Arpege technical documentation (Geleyn (2000)). The parametriza-
tion includes the generation and dissipation of vertically propagating buoyancy waves, resonance
effects and blocked-flow drag. The stress, 7 = (7., Ty), due to these physical processes is repre-
sented in the following way:

i"(a:,y,z):’y(a:,y,z) ';S(Jjay) (1)

where 75 represents the generation of wave stress related to buoyancy waves and the parameter
~ determines the vertical distribution of wave stress. The latter includes wave breaking, mod-
ification due to resonance and blocked flow. The blocked-flow drag is normally regarded as a
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separate physical process and not treated in the wave drag formulation (Lott and Miller (1997)).
However, for simplicity it was adapted as a part of the wave flux calculations.
The generation of wave stress is calculated according to:

7_-‘:s:(may):[(g 'ps'Ns'st'hs (2)

where K is a dimensionless tuning parameter set to 3.5- 1073, p, [kgm ™3] is the surface density,

N, [s71] is an effective Brunt-Viisild frequency, 1_/}5 [ms~1] is the fictive surface wind and h,
[m] is the standard deviation of orography. In order to calculate the fictive surface wind the
anisotropy of the orography and the direction of the principal axis of the subgrid-scale obstacles
with respect to the model grid are needed as well (see Ch. 3.3).

As long as there is no interaction between the vertically propagating buoyancy waves and
the surroundings the associated wave stress is constant with height (y = 1 in Eq. 1). At a
certain level the wave amplitude becomes so large that the wave starts to break and a drag is
exerted on the flow since wave energy is converted into small-scale turbulent motions. This level
is referred to as the level of saturation. The level at which saturation takes place is calculated
using a Richardson number concept. Above, the breaking process continues until a critical level
is reached. From the saturation level up to a critical level (or to the top of the model if a critical
level does not exist) the parameter v (in Eq. 1) is modified linearly. In the parametrization, the
critical level is defined as when the stratification becomes unstable or the wind has turned more
than 90°. The parameter vy goes to zero when approaching the critical level and upwards from
this level it is set to zero since the wave has been totally absorbed and the wave flux disappears.
This process is schematically presented in Fig. 1.

In this parametrization waves may also reflect from the level of saturation. Maximum res-
onance occurs when the phase angle of the reflected wave is 37" while maximum destruction is
present if the phase angle is 5. The phase angle is determined by the height of the saturation
level and the vertical wave length that depends on the wind velocity and stability of the flow.

If the obstacle is high enough a part of the flow becomes blocked. Blocking increases with
increasing static stability and decreasing wind speed. A non-dimensional mountain height F'r;
(inverse Froude number) is defined as

h
Fr;=N T’ (3)
where N is the Brunt-Vaisild frequency, U the wind velocity and h the mountain height. In
the parametrization these are related to the surface parameters Ny, |Vy;| and h,. The flow is
assumed blocked if F'r; is larger than a critical value F'r;. (set to 0.5). The height of the blocked
layer hyp is then obtained from

Fr;c
hy =h(1 — 4

The parameter v (Eq. 1) is modified by a non-linear function from surface to the blocking height
(Geleyn (2000)). The modifications of the wave drag due to wave reflection and flow blocking
are schematically presented in Fig. 1.

3 Variables of HIRLAM related to orography

3.1 Surface geopotential

The surface geopotential is an important part of the lower boundary condition for the resolved
model dynamics. It is derived from the average elevation on the model grid using constant
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Figure 1: Schematic picture of the wave breaking process. Idealized profiles of the parametrized
SSO-stress are shown (a) for wave breaking only, (b) with flow blocking added, (c) for mazimum
resonance and (d) for mazimum destruction due to wave reflection.

gravity. The elevation is based on the GTOPO30” data (USGS (1998)). Because of its discretized
formulation a finite difference model like HIRLAM does not resolve wave structures below A\, =

2Az and tends to spuriously amplify 2Axz modes. Furthermore, it is not able to handle structures

appropriately in the range between 2Az and 3Az due to aliasing effects (Raymond (1991)). In
order to avoid a negative impact from orographic modes in this range, the averaged height field
(1970)) (see also figure 2).

is filtered for structures with scales below approximately 3Az using a Shapiro filter (Shapiro
3.2 Orographic roughness

The roughness length is besides orography one of the most important parameters within the
description of the model’s lower boundary, because it has a direct influence on surface fluxes due
to turbulence and their parametrization. There are two basic components influencing roughness
length within the scope of the numerical model formulation: The first is roughness due to the
land cover type, often referred to as vegetation roughness. It is not described in detail here. The
second roughness component, 2q oo, describes the impact of sub-grid orographic variations. It is
derived from sub-grid orographic variance o2, and approximated empirically. The determination
of 02 is based on the GTOPO30” data and thus includes variances beyond 30” resolution.

The present reference HIRLAM climate generation system (Bringfelt et al. (1995)) deter-
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mines variance within a 23x23 pixel grid (corresponding to a horizontal scale of approximately
20 km), 020723223, as basis for the evaluation of zp oro, Which is then scaled logarithmically:

2 B
20,0ro,ref — @ (Gso,23z23) . (5)

The empirical scaling parameters a and B are in the current HIRLAM reference system a =
0.4038 and B = 0.7767.

A different approach is described by Sattler (1999), where an unscaled isotropic sub-grid
orographic roughness length 2 oro,unsc is determined on basis of the grid dependend variance

ofo’ 4> Which refers to the area A of the respective target grid square, and the number of relative
height maxima n, within this grid square. The approach uses a modified formulation, which

goes back to Tibaldi and Geleyn (1981):

1 [n,+0.001
20,0ro0,unsc — E pTazo,A- (6)

The final sub-grid orographic roughness is then scaled analogously as before, i.e.

; (7)

where the empirical parameters are a = 0.4038 and B = 0.715. The final roughness field is
filtered with a 4t"-order gaussian filter in order to avoid possible sources for 2Az-noise.

)B

20,0ro0,alt = @ (ZO,oro,unsc

3.3 Parameters for the SSO scheme

The aggregation of the parameters related to sub-grid orography is done on a target grid, which
has a lower resolution than the source grid, and which is rotated with respect to the source grid.

Definitions

There are three parameters representing sub-grid orography in the scheme. The first of them
is the standard deviation of subgrid orography os,. The other two parameters describe the
non-isotropic properties of sub-grid orography and are derived from the tensor of orographic
gradient correlation (Lott and Miller (1997)):

Oh Oh
—_— 8
Ox; Ox; (8)

H,’j =

h is the orography, as it is represented in the source grid, and z; and z; describe the coordinate
axes of this grid. If we define

Oh Oh 4 Oh Oh
Ox; Ox; Ozxj Ox;

p _ |(2non _onon)'  (onon’
- Ox; Ox;  Oxzj Ox; Oz; 0z | ’
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then the anisotropy value for use in the SSO parametrization is defined:

y - ,/%. (10)

Finally, the direction between the gradient of orography, as referred to the mean squares of the
gradient components, and the x-axis of the model grid is defined:

dh dh dh Oh
32 92 92 9. T D
0 = arctan (am’ O2i _Ozidzi ) (11)

9h oh
dx; Ow;

Source grid aggregation and filtering

The source orography is filtered in order to determine the subgrid-scale orography variables in
a proper scale for the parametrization. Otherwise, the parametrization may simulate unrelated
effects. The demands for the filter are, however, different from those from the model topography.
Removal of both the higher and the lower spectrum seems appropriate here (Scinocca and
McFarlane (2000)).

The smallest scale orographic structures (with a horizontal scale below a few kilometres)
create turbulence but no mountain waves (Queney (1948)). It is thus appropriate to filter out
smaller scales in the orography field using a low-pass filter. This is done by aggregating the
orography from GTOPO30” onto a grid with approximately 2.7 km resolution. This grid is ro-
tated at the same time in order to assure more homogeneity with respect to areal representation,
which is necessary for the determination of o,.

In addition, the HIRLAM dynamics can be expected to resolve those scales in the orography,
which are resolved in the (properly filtered) target grid. The properties of the high-pass filter
should thus be consistent with the filter applied on the model orography, i.e. the filter should
start to work where scales begin to be resolved by the model.

The following high-pass filter, which is based on a gaussian characteristics, was found to
fulfill the demands from above:

h=hr — [hL]. (12)
hy denotes the low-pass filtered orography and [hr] is defined

B I, g(x — &' )hp (') da'
[hL(x)] - f_oooo g(w _ m')dm' ’ (13)

where

!
g(xz —z') = exp <— M) . (14)
The scale parameter § determines the area taken into account when determining [hr(z)]. It
is set to § = 2Az, where Az is the resolution of the target grid (model grid). The response
function of the high-pass filter (12) is shown in figure 2 together with the response of the Shapiro
filter used for the model orography, in order to show their behaviour within the transition zone
of the wave spectrum. The lower x-axis denotes relative wave number with respect to the
resolution of the low-pass filtered elevation Ahy. The spectrum shown in the chart represents
the complete spectrum of the hy-orography. It extends from the long wave range at the left
hand side to the short wave range up to k/Ahp = 0.5, corresponding to 2Az-waves in the hp-
grid, which represent the shortest possible waves in the low-pass filtered orography. The upper
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x-axis denotes relative wave number with respect to the resolution of the target grid Az. A
value of k/Az = 0.3 corresponds to 3Az-waves with respect to the target grid. The transition
between the two filters occurs approximately at this point. In the range k/Axz > 0.5 the sub-grid
orographic structures occur. These are supposed to be important for SSO parametrization and
are kept by the high-pass filter.

relative wave number k/Ax

0 1 2 3 4

0.5

amplitude response

0 T —— T T T T : T T T - T
0 0.1 0.2 0.3 0.4 0.5

relative wave number k/Ah

Figure 2: Response function of the Shapiro filter (dotted curve) used to filter model orography,
and the high-pass filter (solid curve) used to filter the source orography for SSO parameter ag-
gregation. Az is chosen to 8Ahy, in the chart without loss of generality. See text for further
details and a detailed description of the z-axis.

4 Diagnostics of the momentum budget in HIRLAM

The system of diagnostic variables in HIRLAM (Fortelius (2000), c.f. also Rontu and Fortelius
(2000)) was used. The diagnosed tendencies of the horizontal wind ¥(x,y, z) consist of contri-
butions from explicitly resolved dynamics (including in addition to advection also the influence
of horizontal diffusion, corrections related to the numerical schemes, boundary relaxation, inter-
polations etc.) plus parametrized turbulence and subgrid-scale orography:

ov ov ov
5 = (Ga+ (G (15)

o=yt E (16)

where the indexes d, p, t and w refer to dynamics, physics, turbulence and mountain waves,
respectively. By definition, the turbulent and wave tendencies are related to vertical divergence
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of corresponding subgrid-scale momentum fluxes or turbulent and wave stresses (defined here as
forces exerted by the flow on the surface):

ov 107 ——

(G0 =5 gm 7= —pTw) (17)
ov 107w . =

(a)w =50 T P W )w, (18)

where p is the air density, w is the vertical velocity, a prime ' denotes subgrid-scale deviation
and overline gridbox average.
Integrating vertically we get

o7 87, 0§, o7, . ..
ot = (gp)at (Gp)e+ (Gp)w = (5)d + Tes + Tws, (19)

where a vertically integrated variable & = [J* x‘—if is denoted by a hat and the index s refers to a

surface value. The last part of Eq. (19) follows from the upper boundary condition defining that
the subgrid-scale momentum fluxes vanish at the top of the atmosphere. Thus the vertically
integrated tendencies of the horizontal wind due to the physical parametrizations reduces to
contributions from turbulence and wave drag at the surface.

From the accumulated components of three-dimensional and vertically integrated tendencies
of (g_z:)m (%—’t‘)t, (%)p and (%)t all the components of the momentum budget due to physical
parametrizations can be obtained. Change of the model state during the accumulation period
gives the total tendency from which also the contribution of explicitly resolved dynamics can be
calculated.

5 A case study

5.1 Description of the ”Kiruna” case and model experiments

A case was selected with a westerly to northwesterly flow present over the Scandinavian Moun-
tains. During the night of 26 January 2000 a cold front passed the mountain ridge and after
the passage quite strong northwesterly winds swept down over the Northern Scandinavia (Fig.
3). This flow situation was quite steady until noon on 27 January when the winds decreased
in strength and turned to the west. Mountain waves are usually generated under such flow
conditions during wintertime. In order to detect any mountain wave activity a cross section
along a straight line from Narvik in Norway to Kiruna in Sweden was examined (Fig. 3).

A 186x170 grid-point integration area defined for the Baltex/BRIDGE experiments was used
for the model runs. The horizontal resolution was 22 km with 31 levels in the vertical. The
experiments were made with the HIRLAM reference version 4.7.3 using initial and boundary
data from ECMWF. Normal mode initialization technique, Eulerian dynamics with a time step
of 90 sec, CBR turbulence and STRACO condensation were used. The HIRLAM simulation
time was 36 hours beginning at 18 UTC on January 25 2000.

Five different model setups were investigated in this study. The reference run (KRF) was
performed with the reference version 4.7.3 while the other model configurations (KZF, KFF,
K2F, K3F) were based on this but modified according to the table.

At present, surface roughness has been calculated with an algorithm that seems to over-
estimate the surface roughness in mountain regions. Therefore, surface roughness has been
re-calculated according to a grid-size dependent method (Ch 3.2). This implies that the new
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Figure 3: The dynamic situation over Scandinavia at 06 UTC on January 27. The investigated
cross section is indicated with the black full line.

surface roughness values are about half in magnitude of the old ones for the northern Scandina-
vian Mountains (Fig. 4a). The new surface roughness has maximum values of one metre in this
area while the old roughness reaches more than two metres.

The surface geopotential of the reference HIRLAM system is unfiltered. In this study it
was filtered for structures with scales below 3Az (Ch. 3.3). The filtering clearly influences the
appearance of the mountains along the chosen cross section (Fig. 4b). The mountain top and
the hill before the main mountain ridge are slightly lower. Both downstream and upstream the
mountain oscillating features are smoothed out.

The difference between filtered and unfiltered sub-grid scale orography variables (Ch. 3.3)
shown in Fig.5 is relatively small along the cross section. The largest differences occur upstream
the mountain ridge where both the filtered standard deviation and the filtered anisotropy are
larger than the unfiltered values.

5.2 Model results and discussion

The main dynamic feature with northwesterly winds over northern Scandinavia is captured by all
model configurations. The mountain generates a resolved buoyancy wave present in all model
runs indicated by the isentropes along the chosen cross section. Maximum turbulent kinetic
energy (TKE) is produced by the turbulence parametrization scheme over the main mountain
ridge (Fig. 6a). There the maximum TKE value is close to 3 m2s~2 and elsewhere near the
surface it is of the order of 1 m2s~2. Upstream the mountain the boundary layer is about 1.5 km
deep while it collapses downstream the ridge and is only a couple of hundred meters in depth.
The resolved mountain wave is associated with strong downslope winds with a maximum close
to 20 ms ! above and downstream the mountain ridge. The observations of synoptic stations
indicate that these values are realistic. Boundary-layer friction causes a strong retardation of the
incoming northwesterly flow as indicated by the negative accumulated u-momentum tendencies
(Fig. 6b). Only u-momentum tendencies are analysed since the cross section is oriented along
the model’s x-axis. The retardation follows the shape of the terrain with the maximum values
located over the ridge, where the orographic roughness is large.

When the modified orographic roughness is used (KZF) the accumulated u-momentum ten-
dencies are reduced by approximately 20 % over the mountain ridge (Fig. 7a) and the flow
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Table 1: Definition of the Kiruna experiments

KRF | KZF | KFF | K2F | K3F

Re-calculated orographic roughnes no yes yes yes | yes
Low-pass filtered surface geopotential | no no yes yes | yes
High-pass filtered SSO - - - no yes

is therefore less retarded. The downslope wind speed maximum is not changed significantly.
Similar patterns are also present both in the experiment with smoothed surface geopotential
(KFF, Fig. 7b) and when the SSO parametrization is added (K2F, Fig. 7c). Downstream the
ridge it seems that the u-momentum field is smoother in the KFF experiment than in the other
runs. This might be an indication that the SSO parametrization restores the irregularities that
were lost when a smoother surface geopotential was introduced.

The accumulated u-momentum tendencies due to the SSO parametrization is shown in Fig.
8a. Apparently, wave breaking takes place at the heights of 12-15 km and 20-25 km. The
strongest drag with two maxima is correlated with the maximum values of the standard deviation
over the mountain ridge (Fig. 5a). This means that the wave drag generated near the surface
is influencing the flow at upper levels which seems realistic since wave breaking usually takes
place at high altitudes. However, the role of possible wave reflection from the model’s upper
boundary and its interaction with the SSO parametrization remains to be studied.

At the surface and on the upstream side of the mountain flow blocking is present (not seen
in Fig. 8a due to the chosen vertical scale). In this flow situation the blocking effect is small,
with a magnitude of the order of 1 % of the boundary-layer turbulence effect.

When using the filtered SSO parameters only small differences are present compared with
the previous run (Fig. 8b). Wave breaking takes place at similar altitudes as before and flow
blocking is present on the upstream side of the mountain ridge. The largest difference is in the
accumulated u-momentum tendencies on the upstream side of the mountain at high altitudes.
There is less drag in the K3F run, which is consistent with the smaller standard deviation in this
area (the second peak in Fig. 5a). Further investigation is needed to choose optimal filtering of
the SSO.

The accumulated momentum tendencies were integrated vertically to obtain the surface
stress produced by the SSO parametrization (Eq. 19). The difference of the total (turbulent plus
wave) stress between the reference HIRLAM and the experiment with unfiltered SSO parameters
(Fig. 9) shows the combined effect of the new parametrization and related changes of the
orography fields. The magnitude of the retarding force given by the experiment with the SSO
parametrization is smaller than that of the reference experiment over the main mountain ridge
and greater on the downstream side. Thus, buoyancy waves can only partly compensate for the
loss of drag due to the reduced orographic roughness over the mountain ridge. More experiments
and tuning are needed to find and define the correct relations between the SSO and turbulence
parametrizations. At the cover picture of this Newsletter there is an example of the distribution
of the surface wave stress vector indicating that quite large mountain areas are influenced by the
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Figure 4: (a) Surface roughness along the cross section for the reference HIRLAM (full) and
the re-calculated values (dashed). (b) Unfiltered (full) and filtered (dashed) surface geopotential
along the same cross section.

SSO parametrization. The order of magnitude of the wave-induced surface stress over mountain
areas shown in the picture is on average about one order of magnitude smaller than the turbulent
stress.

6 Summary and conclusions

In this study a subgrid-scale orography (SSO) parametrization was implemented into HIRLAM.
The scheme is identical to the gravity-wave parametrization scheme of the Arpege-Aladin fore-
cast system. This parametrization is capable of handling the generation and the dissipation
of sub-grid scale buoyancy waves in mountain regions. The vertically propagating buoyancy
waves break when they reach the saturation level and deposit momentum from this level to the
critical level. Thus, a drag is exerted on the mean flow due to this process. Also included in the
parametrization are the influence of resonance effects on the flux of wave momentum and flow
blocking.

In order for the SSO parametrization to work new orography variables were generated:
standard deviation of mean orography (sub-grid scale orography), anisotropy and the angle
between the direction of the x-axis of the model grid and the principal axis of the orography.
Two setups of such variables were experimented with, unfiltered and filtered ones. The filtering
process removed the influence of larger scales on the SSO variables.

Surface roughness was re-calculated with a grid-size dependent algorithm since the reference
HIRLAM calculations seem to overestimate the surface roughness in mountain regions. This
modification reduced surface roughness to approximately half the old values. In addition, the
surface geopotential was filtered for scales below 3Az to avoid generation of numerical noise.
Thus, the runs with the SSO parametrization included were performed with modified surface
roughness and filtered surface geopotential. Additional runs were made to investigate the effects
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Figure 5: (a) Unfiltered (full) and high-pass filtered (dashed) standard deviation of orography
along the cross section with similar comparisons for (b) the anisotropy and (c) the angle between
the direction of the model’s z-axis and principal azis of the orography.

of the orography modifications only.

A case was selected with northwesterly winds sweeping down over northern Scandinavia
behind a cold front that passed during the night of 26 January 2000. The main dynamic
situation is well simulated by HIRLAM and boundary-layer friction causes a strong retardation
of the incoming northwesterly flow. When reducing the surface roughness the retardation is
reduced while the implementation of filtered mean orography has little effect on the mean flow
and the retardation.

The SSO drag does not influence the mean flow sigificantly at lower altitudes (below 5 km
height) except for some flow blocking which is small in this case. However, vertically propagating
buoyancy waves are generated on the sub-grid scale and they break at higher altitudes. With
wave drag included a more physical behaviour of the drag profile is therefore achieved. The
drag from buoyancy waves can partly compensate for the loss of the drag due to orographic
roughness. The sum of the turbulent and wave drag at the surface is changed with more
drag mainly downstream the main mountain ridge. However, at the main ridge the drag from
buoyancy waves is not large enough to compensate for the loss of turbulent drag. There are
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Figure 6: Flow characteristics according to the reference (KRF') experiment, 36h forecast based
on the analysis at 18UTC, January, 25. (a) Potential temperature (black) and turbulent kinetic
energy (white) along the cross section. Contour lines every 4 K and 0.5 m?s™2, respectively.
(b) Accumulated u-momentum tendencies together with the u-wind (full black, larger than 10

ms—1). Contour lines are drawn every 20 ms ! and 4 ms—1, respectively.

small differences in the runs with unfiltered and high-pass filtered SSO orography.

The plans are to continue to investigate the effects of the SSO parametrization with different
horizontal resolutions (0.1°,0.2° and 0.4°). Further studies are needed to choose optimal filtering
of the subgrid-scale orography. Longer runs with data assimilation will be performed in order
to deduce systematic pressure differences in mountain regions between runs with and without
the SSO drag. These runs should also allow to study the interaction between the turbulence
and SSO parametrizations in order to tune the schemes. Also, extra model levels will be added
to HIRLAM at high altitudes to test the ability of the scheme to handle the wave breaking
in the stratosphere and to reveal the effects of the formulation of the model’s upper boundary
condition. Studies using both the non-hydrostic and hydrostatic HIRLAM are planned with
emphasis on resolved mountain waves.
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Figure 7: The difference of the total accumulated u-momentum tendencies between the reference
run and three experiments: (a) KRF-KZF, (b) KRF-KFF, (c) KRF-K2F together with the u-
component of wind (white) from corresponding experiments. Contour lines are 20 (negative
values) and 10 (positive values) ms™'. Wind is contoured as in Fig. 6b
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Figure 8: (a) The accumulated u-momentum tendency due to the SSO parametrization (experi-
ment K2F) and (b) the difference between the ezperiments using unfiltered and high-pass filtered
SSO (K2F-K8F). The contour lines are drawn every 5 and 1 ms—!, respectively.

Figure 9: The difference of vertically integrated total accumulated u-momentum tendencies (acu-
mulated over 36h) with and without the SSO drag (KRF-K2F). There are mainly negative values

(full) over the mountain ridges and positive values (dashed) around. Contour lines are drawn
with an interval of 10* Nm—2s
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