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Abstract. The parameterization drag associated with unresolved topography
in atmospheric general circulation models is discussed. Special consideration
is given to the problem of low-level drag originating from wave breaking,
upstream blocking, and the formation of lee vortices. The recent inclusion of
these processes into second-generation parameterization schemes has led to a
significant reduction in model errors.

Introduction

Initial efforts to parameterize drag arising from un-
resolved gravity waves in atmospheric general circula-
tion models (GCMs) were motivated by significant tro-
pospheric wind and temperature errors, as well as er-
rors in the distribution of vertically integrated mass (as
reflected in the mean sea-level pressure) (e.g., Palmer
et al., 1986; McFarlane, 1987). These first generation
schemes modelled only the drag arising from the break-
down of freely propagating gravity waves. Even so,
their ability to reduce model errors was dramatic and
irrefutable.

More recently, a second generation of such para-
meterization schemes (e.g., Gregory et al., 1996; Lott
and Miller; 1997, Scinocca and McFarlane, 2000) have
been developed. While these schemes differ in a va-
riety of ways, they share a common goal of including
drag arising from low-level processes such as low-level
wave breaking, upstream blocking, and the formation
and shedding of lee vortices. These efforts have also
met with success in terms of their ability to reduce cir-
culation errors in atmospheric GCMs.

This paper provides a brief review of the parameter-
ization of low-level drag, which represents the most sig-
nificant advance in the latest generation of orographic
drag schemes. For this purpose, the scheme of Scinocca
and McFarlane, (2000, hereafter SM) will be consid-
ered in some detail. While this review focuses on the
manner in which low-level drag is parameterized in the
SM scheme, it will raise more general issues related to
its parameterization in all schemes. On another level,
a review such as this also serves to illustrate the rel-
ative mix of theory and practical application required
for the implementation of any operational parameteri-
zation scheme.
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Figure 1. Illustration of sub-grid topography, h′(x, y), in
one GCM grid cell at a horizontal resolution typical of at-
mospheric GCMs used for climate studies.

The parameterization problem

The basic goal of the parameterization is to repre-
sent the momentum exchange between the resolved flow
and unresolved dynamical motions induced by sub-grid
topographic features in a GCM. An example of the sub-
grid topography in one GCM grid cell, h′(x, y), is illus-
trated in Fig. 1. This particular example highlights the
fact that the unresolved topography can be significant.

The SM parameterization is based upon the steady-
state hydrostatic response to flow over h′(x, y), charac-
terized by constant wind, U, and buoyancy frequency,
N (hereafter referred to as the constant U and N prob-
lem). As a consequence of the flow over h′(x, y), a pres-
sure force will be exerted on h′(x, y). In steady state,
this implies that momentum is imparted to the obstacle
at a rate given by the pressure drag:

D =
∫ ∫

p(x, y)∇∇∇h′(x, y)dxdy, (1)

where p(x, y) is the pressure field. Newton’s Third Law
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requires that the action (1) be balanced by a reaction
back onto the flow. In an integral sense, this reaction is
composed of oppositely directed momentum imparted
to the flow at a rate given by |D|. In this context, the
parameterization problem can be stated simply: given
U, N , and some characterization of h′(x, y), determine
the pressure drag D and the vertical distribution of the
momentum deposition, which constitutes the reaction
back onto the flow. Clearly, this requires an under-
standing of the dynamical processes that occur for the
constant U and N problem.

The governing parameter in this problem is the
nondimensional height of the obstacle. Forming the
length scale U/N , this may be written as

F =
Nho

U
, (2)

where ho is the maximum of h′(x, y). The quantity F
is often called the inverse Froude number. The larger
F , the larger the topographic forcing, and the more
nonlinear the response.

Linear theory predicts that the flow over h′(x, y)
forces a freely propagating internal gravity wave above
the topography. The nondimensional amplitude of the
forced wave is, at launch, equal to the nondimensional
height of the obstacle, F . The component of the surface
pressure drag (1) associated with the wave field in this
problem may be expressed in terms of F as

|Dw| ∝ NUh2
o ∝ U3F 2/N (3)

(e.g., see Baines 1995). The wave field transports hori-
zontal momentum vertically at the rate

τττw = −
∫ ∫

ρu′w′dxdy = −D, (4)

where ρ is the density, and u′ and w′ are the horizontal
and vertical wind perturbations due to the wave field
respectively. τττ is also referred to as the Reynold’s stress.

Above some critical value, F = Fc, the amplitude of
the forced internal wave becomes so large that the sum
of the wave plus the background flow becomes unstable,
and the wave is said to break. From (3) and (4) we may
also write the stress in terms of F as τw ∝ U3F 2/N .
Using the value F = Fc in this expression, we arrive at
a very useful quantity

τc ∝ U3F 2
c /N. (5)

τc represents the linear theory estimate of the maximum
amount of momentum that an internal wave field may
transport vertically. Any attempt to transport more,
causes the wave to break and no longer propagate con-
servatively.

Dynamical Processes

The constant U and N problem has been well studied
both numerically and physically. As a function of the
forcing F , there occur three basic processes that require
parameterization. These are illustrated in Fig. 2 where
steady solutions to the problem of constant U and N
flow over an elliptical obstacle are presented for three
values of F from numerical simulations (Ölafsson and
Bougeault, 1996).

The first process is illustrated in the left-hand col-
umn of Fig. 2. For F < Fc, an internal wave is set
up above the topography which transports horizontal
momentum vertically at a rate τττw. Due to the expo-
nential decrease in ambient density and changes in wind
and buoyancy frequency aloft, the local measure of wave
amplitude will eventually exceed the Fc threshold. This
results in the deposition of momentum from the wave
field to the mean flow, as the wave field becomes unsta-
ble and dissipates via turbulence. We shall refer to this
process as wave drag.

The second process is illustrated in the centre col-
umn of Fig. 2. When F just exceeds the critical value
Fc, initially the wave breaks within its first vertical
wavelength above the obstacle, and the flow enters a
downslope wind flow regime (e.g., Lilly and Zipser,
1972; Peltier and Clark, 1979). This is often referred
to as a high-drag state because it is associated with
a several-fold increase in surface pressure drag above
the value (Dw) predicted by linear theory. Aloft, a
large-amplitude “residual” wave escapes to higher lev-
els. However, the amount of momentum transported
vertically by the residual wave is constrained not to
exceed the limiting value τc. Therefore, between the
surface and the first breaking level, momentum must
be transfered to the flow at a rate given by the differ-
ence between the large surface pressure drag and τc. We
shall refer to this process as low-level wave breaking.

The third process is illustrated in the right-hand col-
umn of Fig. 2. When F is made significantly larger than
Fc, the downslope flow regime shuts down in favour of
a new regime in which the flow goes around, rather
than over, the topography. This is accompanied by
strong upstream blocking and the formation of counter-
rotating vortices in the lee of the obstacle (Schär and
Smith, 1993a,b; Ölafsson and Bougeault, 1996; Schär
and Durran, 1997). In this regime, there again occurs a
residual wave field that transports at most τc momen-
tum away from the topography. Again, the difference
between the surface pressure drag and the momentum
in the residual wave τc determines the rate at which mo-
mentum is returned to the flow between the surface and
ho. We shall refer to this process as low-level blocking
and wake dynamics.



LOW-LEVEL TOPOGRAPHIC DRAG 113

τ τc τc

c c cF = 0.5  (< F  ) F = 1  (> F  ) F = 3.4 (>> F  )

Figure 2. Steady-state streamlines from numerical simulations of constant U and N flow over an elongated ellipsoidal
obstacle for three different values of F (Ölafsson and Bougeault, 1996). The flow is from left to right and the top panels
display height versus along-flow direction while the bottom panels display a plan view of the flow. These three values of F
illustrate the three dynamical processes parameterized in the SM scheme.

Parameterization of wave drag

As discussed above, first-generation schemes (e.g.,
Palmer et al., 1986; McFarlane, 1987) parameterized
only the drag due to freely propagating gravity waves.
Using only a measure of ho to characterize h′(x, y) in
each GCM grid cell, these early schemes assumed sinu-
soidal topography of a fixed horizontal wavelength in
each grid cell. This allowed a simple linear theory esti-
mate of Dw and the wave stress τττw, which was always
assumed to be counterflow.

More recently, efforts have been directed toward bet-
ter characterizing the properties of h′(x, y) in each
GCM grid cell and having their effects reflected in the

properties of τττw. For example, Lott and Miller, (1996)
employ a varying number of identical ellipsoidal obsta-
cles to optimally represent h′(x, y) in each GCM grid
cell. This provides information regarding the orienta-
tion and anisotropy of h′(x, y), which is used to de-
termine the magnitude and orientation of τττw. Linear
theory for constant U and N flow over an ellipsoidal
obstacle (Phillips, 1984) is used to determine Dw. Lott
and Miller (1996) use one sinusoidal wave to transport
the total momentum, τττw = −Dw, of the entire wave
field. Since both the magnitude and direction of Dw

changes with the eccentricity and orientation of the el-
lipses (relative to the direction of U), τττw in this scheme
also has this property and, so, is more realistic.
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Figure 3. Illustration of the decomposition of the total drag
Dw into the two components D−

w and D+
w . These represent

contributions to Dw from the azimuthal half spaces to the
left and right of the wind vector U. D−

w and D+
w are used

to define the decomposition of the momentum flux τττw into
the two components τττ−

w and τττ+
w .

While this approach provides a more realistic total,
or integrated, value for the magnitude and direction of
τττw, it employs only one sinusoidal wave to transport
the momentum vertically. In reality, the wave field is
made up of a spectrum of waves of varying amplitude
and lateral, or azimuthal, orientation. Employing one
wave as a proxy for the entire spectrum can lead to some
undesirable effects. For example, if the wind aloft turns
normal to the direction of this wave (i.e. the direction
of τττw), the wave meets its critical level. This necessarily
terminates the further vertical transport of momentum
by the entire wave field. In reality, this can only occur
if the wind turns normal to the azimuths of all waves
that make up the spectrum. This issue turns out to
be very important for GCMs that include the middle
atmosphere, since the one-wave approach can artificially
limit the amount of momentum that reaches the middle
atmosphere.

In SM, an effort is made to represent the azimuthal
distribution of τττw, and, have anisotropy in this distri-
bution systematically depend on anisotropy in h′(x, y).
Following Lott and Miller (1996), this is accomplished
through the use of representative elliptical obstacles as
proxies for h′(x, y). In SM, however, the total surface
drag (3) is decomposed into two components

Dw = D−
w + D+

w , (6)

where D−
w and D+

w represent contributions to Dw from
the azimuthal half-spaces to the left and right of the
wind vector U respectively. This allows the two stress
vectors τττ−

w = −D−
w and τττ+

w = −D+
w to be defined. This

is illustrated in Fig. 3. The magnitude and direction
of τττ−

w and τττ+
w systematically vary with the properties

of the elliptical obstacle and the direction of U at each
time step. Assigning a sinusoidal wave to each of τττ−

w

and τττ+
w , SM capture the leading order structure of the

azimuthal distribution of momentum flux in the wave
field forced by h′(x, y) in each GCM grid cell. Further
details may be found in SM.

Parameterization of low-level wave breaking

As discussed above, when F begins to exceed Fc,
wave breaking occurs within the first vertical wave-
length above the topography, and the flow enters a
high drag state, with strong flow on the lee slope of the
topography. In this instance, the quantity τd = D − τc

determines the rate at which momentum is deposited
to the flow, between the surface and the elevation of
the first breaking level zB . Stated in this way, a pa-
rameterization of this process requires an estimate of
the enhanced surface drag D and a specification of the
vertical distribution of the momentum deposition τττd be-
tween the surface and zB .

Beyond the critical value Fc, high-drag states asso-
ciated with downslope flows occur only over a limited
range of F . Based on previous numerical and physical
experiments (e.g., Ölafsson and Bougeault, 1996,1997),
SM estimate this range to be Fc ≤ F ≤ 3Fc and so
parameterize this process over only these values. In ad-
dition, previous studies show that the enhancement of
the surface drag is greater for ridge-like (2D) obstacles
than it is for isotropic (3D) obstacles. In SM, the en-
hanced drag is taken to be

D = β · Dw, (7)

where β is an amplification factor. β depends on F
and on a parameter α, which SM introduce to char-
acterize the ridge-like nature of h′(x, y). The quan-
tity α is derived by decomposing h′(x, y) into two- and
three-dimensional components, h′(x, y) = h2D(x, y) +
h3D(x, y). h2D(x, y) is defined as the mean profile of



LOW-LEVEL TOPOGRAPHIC DRAG 115

2Dh    (x,y) 3Dh    (x,y)

Sub-grid Topography

h’(x,y)

var(h’) = var(h     ) + var(h     )2D 3D

h’ =  h      +  h2D 3D

α = 
var(h’)

var(h     )2D
= 0.93

Figure 4. Illustration of the decomposition of the sub-grid
topography into the two- and three-dimensional components
h2D(x, y) and h3D(x, y) and the way in which these com-
ponents are used to define the parameter α. α is used to
characterize the ridge-like nature of h′(x, y).

h′(x, y), integrated along the direction of the major
axis of the ellipse used to represent h′. α is defined as
the fraction of total variance associated with h2D(x, y).
This is illustrated in Fig. 4 for the example of h′(x, y)
displayed in Fig. 1. The maximum value of the ampli-
fication factor β depends on α as follows: If h′(x, y) is
a 2D ridge (i.e. α → 1), then βmax → 4, whereas, if
h′(x, y) is very isotropic (i.e. α → 0), then βmax → 2.

The specific vertical distribution of the momentum
deposition (τττd) for this process is most likely skewed
toward the breaking level zB . However, based on cli-
mate sensitivity experiments, SM conclude that, for the
purpose of parameterization, there is no advantage to
distributions that are more elaborate than simply de-
positing the momentum uniformly between the surface
and zB .

Parameterization of low-level blocking and
wake dynamics

Drag due to low-level blocking and wake dynamics is
most commonly parameterized by form drag associated
with flow over bluff bodies (Baines, 1995):

τττ form ≡ −ρ

2
C

l · d
L2

U|U|, (8)

where C is a bulk drag coefficient, l is the width of the
obstacle, d is the depth of the blocked flow, and L2 is
the area of the GCM grid cell. This process onsets at
Fc and becomes dominant at large F . The depth of the
blocked flow in the constant U and N problem is found
to follow the empirical relation

d = (F − Fc)U/N, (9)

(e.g. see line 8 of Table 1 in Ölafsson and Bougeault
1996).

When h′ is very ridge-like, as in Fig. 4, the low-level
drag should strongly depend on the direction of U. In
this instance, flow directed normal to the h2D ridge (i.e.
along the minor axis of the representative ellipse) expe-
riences strong blocking over a deep layer. Flow directed
along the h2D ridge sees only h3D and, so, experiences
weaker blocking over a more shallow layer.

In SM, an attempt is made to include this effect.
This is accomplished by decomposing U into compo-
nents that are parallel to the minor axis of the repre-
sentative ellipse (U‖, i.e. normal to ridge-like structure
in h2D), and perpendicular to the minor axis of the
representative ellipse (U⊥). Form drag (8) is applied
independently to each component employing different
values of C and d:

τττ
‖
b = − ρ

2
C2D l · d2D

L2
U‖|U‖| (10)

− ρ

2
C3D l · d3D

L2
U‖|U‖|

τττ⊥
b = −

ρ

2
C3D l · d3D

L2
U⊥|U⊥|, (11)

where, C2D = 1 and C3D = 0.5 (Baines, 1995), and
from (9), d2D = αd and d3D = (1 − α)d.

When significant 2D structure is present in h′, the
formulation (11) indicates that U‖ is slowed more strongly
and over a deeper layer than U⊥. Therefore, not only
is the flow slowed, but it is also redirected so that it
is more along unresolved 2D ridges if they exist in h′.
When h′ is very 3D in nature (i.e., α → 0), (11) reduces
to the standard formulation (8) and the flow is simply
slowed with no change in direction.

Comparison with process studies

The estimate of surface stress from the SM scheme,

τττ total = τττw + τττd + τττ b, (12)

may be compared to values determined from process
studies. In Fig. 5, τττ total is plotted as a function of
F against the surface drag obtained from numerical
experiments of constant U and N flow over an elon-
gated elliptical obstacle (Ölafsson and Bougeault, 1996).
The parameterization appears to do well over the range
0 ≤ F ≤ 1. At larger F , where low-level blocking and
wake dynamics are the dominant physical processes,
the drag is substantially underestimated by the scheme.
This is a consequence of the use of form drag for these
processes and it is a problem that is common to all
current parameterization schemes. Employing a larger
bulk-drag coefficient C improves the scheme at large F
but introduces errors at small F .
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Figure 5. Comparison of surface stress τtotal from the SM
scheme with the pressure drag measured from the numerical
simulations of Ölafsson and Bougeault (1996). The contri-
bution of each of the three component processes to τtotal in
the SM scheme are also displayed. All values of τ have been
nondimensionalized by τw.

Recently, Vosper et al. (1999) and Vosper (2000)
measured the effective bulk-drag coefficient C from
physical and numerical experiments of large F , con-
stant U and N , flow over a right-circular cone. The
bulk-drag coefficient obtained in this set of experiments
is reproduced in Fig. 6. At moderately large F (i.e.
1 ≤ F ≤ 2), the expected value of C3D = 0.5, for
isotropic bluff bodies (Baines, 1995), is obtained. At
large F , however, the drag coefficient increases toward
a value of C3D = 2, which is not explicable in terms
of bluff-body form drag. The same problem occurs in
the numerical study of Ölafsson and Bougeault (1996),
where an elongated ellipse is considered, and a bulk drag
coefficient of roughly C2D = 7 is implied for F > 2 (see
SM).

All of this suggests that form drag (8) is not ade-
quate to model the pressure drag at large F . The rea-
son appears to be that it is poorly suited to describe
the counter rotating vortices that develop in the lee of
the obstacle (see Fig. 2). Details, such as whether the
lee vortices are allowed to shed from the obstacle, have
been shown to have an enormous impact on the mag-
nitude of the drag (Vosper et al., 1999; Vosper, 2000).
Consequently, further work is required to properly un-
derstand and correctly parameterize these dynamical
processes at large F .

Climate sensitivity experiments

SM have performed a number of climate sensitiv-
ity experiments using the orographic drag parameter-
ization described here. For this purpose they employ

the latest version of the Canadian Centre for Climate,
Modelling, and Analysis full-physics atmospheric GCM
(GCM3). The model is spectral and the experiments
employ resolutions of T47 and T63 with 32 layers ex-
tending from the surface to approximately 1 hPa. Fur-
ther details may be found in SM.

These experiments highlight the importance of in-
cluding the parameterization of low-level drag. A ro-
bust improvement in the reproduction of the observed
climate by GCM3 was demonstrated at both T47 and
T63 spatial resolutions. An example is illustrated in
Fig. 7, where wind errors on the 850 hPa level (approx-
imately 1.5 km) are displayed at a resolution of T63 for
the old scheme (McFarlane, 1987, M87) and the new
scheme (SM), during northern hemisphere winter.

The new scheme shows reduced wind biases over the
North Atlantic storm track and continental Europe. In
addition there is a correction in the position of the tro-
pospheric jet in the Southern Hemisphere. The global
RMS wind error on this level is 20% smaller when the
new SM scheme is used in place of the M87 scheme.
This improvement in modelled winds is found to ex-
tend from the surface all the way up to the lower
stratosphere. A similar, 25% reduction in global RMS
mean sea-level pressure error (which determines the
global mass distribution), is also found when the SM
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Figure 6. Effective bulk drag coefficient C for constant
U and N flow over a right-circular cone from the tow-tank
(squares) and numerical (circles) experiments of Vosper et
al. (1999) and Vosper (2000). At large F , the value of C
is approximately 4 times larger than the value predicted by
bluff-body form drag (8).
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NEW SCHEME         WIND ANOMALY   850mb      DJF     T63
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Figure 7. DJF horizontal wind errors on the 850 hPa pressure surface from two T63 5-year climate runs – (top panel)
M87 scheme, (bottom panel) new SM scheme. The contour interval is 1 m s−1 and shading is used to represent errors of
increasing magnitude. The errors represent differences away from the NCEP reanalysis winds (Kalnay et al., 1996) on this
level.

scheme is used in place of the M87 scheme.
Through a number of sensitivity experiments, SM

demonstrate that much of this improvement comes from
the inclusion of low-level drag in the parameterization.
In addition to the direct effect of slowing the wind in
the lowest layers, the low-level drag also produces an in-
direct effect associated with a systematic change in the
value of F . Presumably, the inclusion of low-level drag
results in a more realistic geographic distribution and
seasonal variation of F and, therefore, more realistic
momentum deposition associated with freely propagat-
ing waves in the parameterization.

Conclusions

It is now becoming widely accepted in the atmospheric
community that low-level drag processes are an essential

component of the parameterization of orographic drag.
Even so, physical and numerical process studies make
it clear that further work is required to understand and
correctly parameterize low-level drag at large values of
F .
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