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A parametrization of orographic gravity wave drag. The impact of envelope

orography and orographic gravity wave drag in the BCMWF model

In this lecture we shall digcusa a gsimple parametrization of gravity wave
drag, and study its effect in a series of integrations of the T42 ECMWF
model. Much of the following is taken from Palwer et al. (1986) and Miller
and Palmer (1987).

It is apparent from sven the simplest linear thecorles of atationary,
orographically forced gravity waves (see laecture Theory of linear gravity
waves) that the character of flow over hills/mountaina is sensitive to
specific detalls of the upstream horlzontal wind profile. Wumerical studies
of larger amplitude waves gensrated in more extreme circumgtances suggest such
a richness of dynamical bshaviour and sensitivity to detail that
parametrization of the dominant transport processes would seem to be out of
the question. On the other hand, observational studies such as that of Brown
(1983} indicate that under less extreme circumstances linear theory,
judiciously interpretad, might form a useful basis for a parametrization
scheme. Clearly, in devising a parametrization scheme we are not merely
trying to mimic the momentum flux predicted by any specific theoraetical model
or measured in an observational study. The task is to represent the vertical
flux of momentum due to subgrid-scale gravity waves by a parametrization
scheme whose plausibility with respect to theory, observationa and benoficial}
impact {(in the GCM) are all maximized, though with economy of representation

and computational efficiency paramount considerations.

There are two parts to the parametrization scheme usad here: first a formula
for the surface pressure drag exertaed on the subgrid-scale orography and
second a geparate computation of the vertical diatribution of wave stress

accompanying the surface value.

Using Eq. (13} of the lecture "Theory of linear gravity waves™, we present the
surface drag by the expression

+
L= Kphu. VAR {1}

where p and u are evaluated on the lowest 0 level, and N is evaluated by a
finite difference formula using values of T on the loweat two levels. The

quantity VAR is egual to the varlance of the subgrid-scale orography, as
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determined by an orographic dataset (USA Navy) with a resolution of ten
minutes of arc. The constant K ls regarded as a lagitimately 'tunable’
parameter, constrained only to an order of magnitude by linear theory. We
have chosen a value of 2.5x10“5m'1, which {aee lecture "Theory of linear
gravity waves") glves reasonable values for the gurface stress in our GCM
integrations. This corresponds in linear theory to a horizontal wavelength of
250 km if the orographic variance ia supposed to be sinusoidal. Since the
subgrid-scale orography corresponds to Bcales between 20 and 200 km it is
claar that our tuning constant is smaller than that suggested by a direct
application of linear theory.

Given the vertical profile of wind, potential temperature and density, the
second part of the parametrization scheme predicts the vertical profile of
wave stress T as a function of height. The problem is formidable, apart from
the principal difficulty associated with the modification of propagating
gravity waves by small-scale turbulence in the breakdown phase, one is faced
with the basic three-dimensionality of real gravity wave systems, transience,
the turning of the wind with height, diabatic heating, internal reflection and
numercus other fluld mechanical subtleties. It is doubtful whether a
parametrization scheme could address all of these difficulties without belng
as computationally demanding as a numerical model of the motion system itself.
We bape our parametrization scheme for breaking gravity waves on the simple
steady, two-dimensional model of stratified flow dlscussed in Section 2 and
invoke a saturation hypothesis similar to that of Lindzen (198%) to determine
the stress dlatribution.

First of all we assume that the streas, T, at any level is parallel to the

surface stress vector and can be written as
T = |1]= kpNU &2 . (2}

where U is the magnitude of the component of the wind vector u in the

direction of the surface stress (l.e. U = (2.1!)/|t'|).

Secondly we combine Bgs. (14) and (15) of the previous lecture (Theory of

linear gravity waves), which describe the gravity wave's influence on static

stability and vertical shear, to form a 'minimum Richardson number'
Ri - Ri 1 - (N&h/U)

{3
mi {1+Ri}(N6'h/U)}2

which representa the smallest value the total Richardson number can achieve

under the influence of the gravity waves.

For a monochromatic wave, Eqs. (14) and (15) of the previous lacture show that
regions of maximum vertical shear are #/2 out of phase with regions of minimum
gtatic stability. However, following the notion of parametrizing the sffacts
of an ensemble of phase—incoherent subgrid-scale qravity waves, the phase
difference between Eqa. (14} and (15) in defining the compact axpression for
Rimin in Eq. (3) has baen ignored.

The condition that instability occurs when lein < 1/4 embodies a convective
over-turning criterion (numerator of Eq. (3) becomes gmall) (Lindzen 1981),
and a billow inetability mechanism (denominator of Eq {3} becomes large}
(Scorer 1978). Following Lindzen we will employ a 'saturation’ hypothesis
whereby the displacement amplitude éh, in reglons where Rimin < 1/4 is reset
8o that mm.i.n = 1/4. Ona can, in principle, therefore determine the vertical
distribution of T within the region Rimin § 1/4, using the paturation
hypothesis. Outside these raglona the stress must be independent of height.

Consider now the algorithm for applying the Richardson number schema. First
of all the surface stress Ta, 1s calculated (at each gridpoint) using Eq. (1).
The Richardson number Ri is then calculated at the next o-layer boundary using
values of u, v and T stored on the adjacent o levels. Using 1= |t'|, the
displacement amplitude &h is estimated from Eq. (2) (using the average value
of U on the adjacent o levels). This value of 6h 1s then substituted into

BEg. (3) and R1 calculated. If Ri > 1/4 then T at the g-layer boundary

min min

is set egual to T, 1e Rinin < 1/4 then R:I.m1

saturation value Ghaat calculated from Bq. (3). Teat is then eatimated using

n is put equal to 1/4 and the

Eq. (2), and T becomes equal to T at the layer boundary.

sat
The whole procedure is now repeated to estimate T at the next layer boundary
and so on until we reach the lowexr boundary of the top layer. A value 71=0 i=s
imposed at the upper boundary, {mplying that the waves must be diseipated at

least momewhere in the atmosphere.



Hence the wave stress ls known at sach layer boundary and the wave~induced

accalaeration at the ¢ levels can thus be calculated from the vertical gradient

of the stress.

Whan invoking the saturation hypothesis to calculate shaat' Eq. (3} with

lein = 1/4 is a quadratic in Gh.. whose solutions is given by

t
e=nmtor s omhy 2m 40 ¢ b The ) (4)
where
€e=Nb&_ /U (5)
From Eqnse. (2) and (5)
T - ezrpuajﬂ (6}

sat
and the strong dependencs of Tsat on U phows why wave breaking is strongly
preferred in regions of weak flow. As we go up through the model layers the
decreage in density begins to play an important role. Perhaps of secondary
importance in determining preferred locationa for wava braaking is the
dependence of Tsat on N and ez. The appearance of N in the denominator
shows that the stronger the static stability of the flow, all other variables
kept constant, the smaller the value of Toat and hence the more readily waves
will break. This is conslstent with Scorer's (1978) remark that it is tilting
of highly stable layers as air flows across hilly terrain which leads to the
turbulence experienced by aircraft and glider pilots, and algo with

obaervations of shearing instabilitises on the ooeanic thermocline {Woods,
1968; Phillips, 1966}.

On the other hand Taat is directly dependent on sz, which decreases from zero
for Ri = 1/4 through a value of 0.21 for Ri = 1 to an asymptotic limit of 0.6&9
for RA >> t. Since, from Eq. (3}, purely convective instability requires e=1,
wave breaking more readily occurs in our scheme than in a convective

overturning scheme} even in the limit of large Richardaon number.

If we p:t 1ome rough figurea into Eq. {4) we find that if 52-0.5(R1~10) and
2 - -5 =1 -

N=2x10 8 then, with & = 2.5x10 m , a flux of 0.1 ¥m 2 will aaturate in

the boundary layer (p=1 kg m~ %) if U is less than about 5 ms~ !, in the mid

troposphere if U < 7 me~! and in the lower stratosphere (p=0.05 kg m~3) if U
<15 ms~!. Climatologically, values of U~5 ms~l in the boundary layer and
U~5 ms~! in the lowar stratosphere are not unreasonable in mid-latitudes and
both of these regions are preferred locations for wave breaking (Lindzen,
1985), On the other hand mid~tropospheric winds will generally be strong
enough to inhibit wave breaking.

As mentioned above, we apply the scheme using only the coumponent of the model
wind in the direction of the surface stress (or wind). When this component
approaches zerc the Richardson number becomes very small so that the effect of
the scheme will be to drive Gh..t to very small values and cause the stress to
ba absorbed. In this way the scheme represents critical-level absorption for
stationary gravity waves though since the critical level invariably falls
betweaen two model levela it is necessary to enforce the condition ™0 at all
layer boundaries above the critical line (defined as the level at which the
component of the wind in the direction of the surface etress vector changes

signl).

In view of the sensitivity of the wave Richardson number to the magnitude of
the undisturbed static stability and wind speed one must consider how the
observed structure in the wertical profiles of these fields influences our
interpretation of the paramstrization of wave breaking. It has long been
recognized from the analysis of radiocsondes ascents that wind, temperature and
humidity do not vary smoothly with height but exhibit layers of radically
different wind shear, static stability and dryness (Danielsen, 1959). Using
raw radiosonde data, Danlslsen plots vertical sections of observed potential
temperature which show numerocus shallow, highly stable layers sandwiched
between layers of wvirtually neutral stability with horizontal continuity on
the gcale of thousands of kilomatrea. A variety of physical processes can
contribute to the formation of a laminated vertical profile, such as the
subduction of tonguea of stratospheric air, frontogenesls, local mixing, cloud
top radiational ceooling and aven inertia=-gravity waves themselves. The
question that needs to be asked is, 'What happens when a vertically
propagating gravity wave passea through a highly variable vertical profile of
wind and static stability?' It is clear from the Richardscn number scheme
that the waves are likely to break in the thin stable layers, yet they are
also likely to break in the nearly neutral intervening layers if the



undisturbed Richardscn number is less than 1/4. However, if a vertically
smocthed profile 1 taken then the parametrization scheme might imply no
breaking at all., One can immediately appreciate that breaking could be taking
place to a much greater extent than suggested by a too literal interpretation

of the monochromatic theory of wave breaking.

The major contribution to the wave stress given by Eq. (1) is the orographic
variance and if VAR is simply the variance for & gridsquare then the wave
stress is independent of wind direction (other than through directional
correlations of N and gs). This 1= an over-simplification since orography on
most scales is highly anisotrople with pronounced nearly parallel ridges etc.
To account for this basic effect, the subgrid acale variance was computed as
four directional ccomponents (E/W, N/S, NW/SE, NE/8W). Fig. 1 gives examples
of these directional variances. Flow parallel to major mountain ranges or
plateaux no longer gives large wave stresses. The major ranges nevertheless
present large varilances to the incident flow, and typically these mountalns
act as a barrier to the flow, not necessarily as major gravity wave gources.
Conaequently tha varianca fields are reduced using simple dynamical criteria.
The present operational scheme uses the relation

VA = MIN (VAR, VAR E)

R affective

where VAR_ 1is the solution of Eq. (3) for éh? with Ri=1/4.
R

We shall conclude this lecture by studying the impact of envelope orography

and gravity wave drag on a set of 90-day TA2 wintertime integrations of the

ECMWF model. These integrations were initialised using data from 6 Dacembar
1983, and had climatologically varyling 3STa.

However, before showing results from these integrations it is worth
considering the effect of a simple change to the boundary layer pcheme. We
have argued that cland may be too weak. Why not just lncrease land surface
roughness lengths? Fig. 2b shows the effect of a doubling of the surface
roughness length in a 90-day T42 run. Compared to the control (Fig. 2a) we
can see that there is llttle impact on the basic simulation of the large-scale

flow.
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Fig, 1 The four components of subgridacale orographic standard deviation (in
metres} for part of a} the Andes, b) the Alps, c) the Globe.
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Fig, 2

Mean Northarn Hemisphere surface pressure (mb)} from 90-day wintertime
integrationa of the ECMWF T42 mecdel with mean orography and

a} operational values for eurface roughness lengtha

b) doubled surface roughness length for momentum transfer

Parhaps, on reflection, one should not be surprised about this. Conventional
boundary layer frictlion parametrizations attespt to describe the pressure drag
associated with flow separation, and turbulent dissipation in the wake of
small-scals roughness elements. Since atability will tend to suppreas such
flow meparation, and the subsequent vertical diffusion of momantum in the
turbulent wake, one can sxpact the flow to be laxgely insensitive to roughness h
length under stable conditions. Fig. 3, for example, shows the drag
cosfficient, for momentum, for the ECMWF modal, in terms of the Richardson
ausber, Ri. The coefficient is some ten times larger when Ri=1 than when
Ri=+1,

Figs. 4-6 show 1000 mb time-mean and standard daviation of height, band pamss
and low pass filtered for intagrations with mean orography only, (¥20)
envelope orography only, and envelcps orography and gravity wave drag.

Climatological values are also shown.

(The climatological data ims taken from Lau ot al., 1981, The band paas and
low paas filters are those defined by Blackmon, 1976 and ars uesd to define
ptorm-track activity, and lower-fraquency 'blocking® activity respectivaly.
For the integrations, the time-mean helght is cvalculated uping all 90 days,
and the filtered standard deviations are calculated by aspectrally analysing
the last 60 days of sach integration, with band and low-pass filters
equivalent to those used on the  observations).

For the time mean fields, we can see that envelope orography by itself has
made soms improvement to the excessive wepterly flow, though it ie still too |
strong over the USA. Furthermors, there are unrealistically persistent v
anticyclonic conditions over Europe with strong surface winds diasplaced north%
Adding gravity wave drag to the envelops improves the time mean climate quite

substantially, with no circumpolar isopleths in the time-mean 1000 mb height.

Similar improvements can bs found studying variability within the
integrations. With mean orography., the band-pass filtered standard deviation
of 1600 mb height shows not only excessively strong atorm tracks across most
of the hemlsphere, but alsc quite incorrect positioning of maximum and minim
cyclonic activity {Fig. 5a). With envelope orography only storm track

activity is also too intenae over the landmases, and generally poaitioned tor -



far north. The cbserved maxima over the eaatern geabords are not simulated
(Fig., 5b). When gravity wave drag is added to envelope orography, the storm
tracks are correctly positioned (Fig. 5c), with maxima over the western part

of the Pacific and Atlantic oceans.

finally, with mean orography only, low-frequency variability also appears to
suffer, with no c¢lear maximum over the weat Atlantic (Fig. 6a}. With envelope
orography maximum low-frequency variability is positioned near the end of the
astorm track over the northern USSR, and the observed maximum over the west
Atlantic is not simulated (Fig. 6b). Adding gravity wave drag tc the anvelope
{Fig. 6¢}, low-frequency variability is well simulated with maxima of the
correct magnitude just to the west of the British Isles and near the Aleutian

Islands.

0f course, to base thase concluaions on just one set of 90-day integrations
would be somewhat unreliable, particularly for estimates of low-frequency
variability. However, a set of multi-annual cycle integrations of the
Meteorological Office GCM, with 2.5 x 3.75* latitude/longitude grid, has been
made with mean orography, envelope orography, and mean orography plus
gravity-wave drag. Some results from these integrations are described in
Slingo and Pearson (1986). Fig. 7 illustrates the time-mean gurface pressure
over four winters of integration, with mean orography plus gravity wave drag.
The northern hemispheric field is comparable to that shown in Flg. 1 of the
lecture on resolution effects on systematic error. However, unlike its lower
resolution counterpart, the model pimulated the atrength of the surface
gouthern hemisphere westerlies fairly well. Fig. 8 shows atandard deviation
of monthly mean surface pressure from twelve winter months of an integration
with mean orography only, and of the integration with mean orography and
gravity wave drag. Values have been latitudinally averaged from 90N to 30N,
It can be seen immediately that the major difference between the two curves in
almost twice as much monthly-mean standard deviation as the run without. An

observational estimate is also shown for comparison purposes.

The current operational modal at ECMWF has both a 10 envelope and a
parametrization of gravity wave drag. Resulte show {Miller and Palmer, 1987}
that the most consistent improvement to Forecast skill comes from an inclusion

of both processes rather than any one alone.
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| CLIMATE

Fig. 4 1000 mb height (dam) averaged over a 90-day wintertime integration of
the ECMWF T42 model. a) mean orography, b} envelope orography,
c) envelope orography plus gravity-wave draq, d) observed climate.
Contour interval 4 dam.
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As Flg. 4 but for band-pass standard deviation of 1000 mb height (m}, )
caleculated over last 60 days. Contour interval 10m in a), b} and c},
and 5 m in d). Values greater than 40m are shown stippled.
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Fig. &

Rs Fig. 4 but for low-pass filtered standard deviatlon of 1000 mb
height (m), calculated over last 60 days. Contour interval 20m in a),
b} and ¢), and 10m in 4). Valuea greater than 80m are shown

stippled.
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the Meteorological Office climate model with the gravity wave drag

From Slingo and Pearson, 1986.
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