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ABSTRACT
This study assesses the impact of the atmospheric stability on the turbulent orographic form drag (TOFD)
generated by unresolved small-scale orography (SSO) focusing on surface winds. With this aim, several experiments are conducted with the Weather Research and Forecasting (WRF) Model and they are evaluated
over a large number of stations (318 at 2-m height) in the Iberian Peninsula with a year of data. In WRF,
Jiménez and Dudhia resolved the SSO by including a factor in the momentum equation, which is a function of
the orographic variability inside a grid cell. It is found that this scheme can improve the simulated surface
winds, especially at night, but it can underestimate the winds during daytime. This suggests that TOFD can be
dependent on the PBL’s stability. To inspect and overcome this limitation, the stability conditions are included in the SSO parameterization to maintain the intensity of the drag during stable conditions while
attenuating it during unstable conditions. The numerical experiments demonstrate that the inclusion of
stability effects on the SSO drag parameterization improves the simulated surface winds at diurnal, monthly,
and annual scales by reducing the systematic daytime underestimation of the original scheme. The correction
is especially beneficial when both the convective velocity and the boundary layer height are used to characterize the unstable conditions.

1. Introduction
The surface wind is strongly modulated by the orographic drag (Xu and Taylor 1995; Belcher and Wood
1996; Lott and Miller 1997; Rontu 2006). The intensity
of this drag not only depends on the terrain features, but
also on the atmospheric stability (Stull 1988; Oke 1996;
Wood 2000). The modeling community, aware of the
importance of representing the orographic drag in the
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numerical weather prediction (NWP) and climate
models, has developed several approaches. As a result of
these efforts, the effects that the orography exerts at the
subgrid scale have been parameterized taking into account different considerations. Rontu (2006) distinguish
the subgrid orography effects among the unresolved
small-scale orography (SSO) and the mesoscale orography (MSO). The MSO encompasses the blocking effects and wave drags due to mesoscale mountains (e.g.,
Lott and Miller 1997). The unresolved SSO accounts the
orographic variability generated by the presence of
variable terrain elevation (e.g., several hills) inside a
horizontal area, such as the grid cell of a model (e.g.,
Beljaars et al. 2004). Although the SSO drag affects
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smaller vertical scales than the MSO (few kilometers
versus up to tens of kilometers), the intensity of SSO
drag can be of the same order of magnitude as the
blocking/wave drag (Belcher and Wood 1996; Sandu
et al. 2016). In spite of its relevance, SSO effects have
received less attention in atmospheric models. This
work tries to further progress on the parameterization of
the SSO effects by including the stability conditions in its
definition.
The SSO drag is called turbulent orographic form drag
(TOFD). This drag was defined by Belcher and Wood
(1996) as an aerodynamic force generated by the turbulent stress when orographic heterogeneities enhance
the exchange of momentum. The underrepresentation
of TOFD can imply an underestimation of the total
subgrid surface stress. NWP and climate models parameterize this drag using different approaches. The
more common approach is to use an effective roughness
length (Fiedler and Panofsky 1972) that enhances the
gridcell vegetative roughness length. An alternative
parameterization was proposed by Wood et al. (2001)
and it is based on adding a sink term in the momentum
equation. Recently, Jiménez and Dudhia (2012, hereafter JD12) parameterized the SSO effects by multiplying the friction velocity by a factor that depends on
the terrain features. The three methods can improve the
surface wind simulation (Milton and Wilson 1996;
Rontu 2006; JD12; Jiménez and Dudhia 2013; SantosAlamillos et al. 2013; Gómez-Navarro et al. 2015) and
other variables such as precipitation (Lee et al. 2015)
and surface pressure (Sandu et al. 2016). A list of how
the TOFD is integrated into several NWP and climate
models was provided by the Working Group on Numerical Experimentation (WGNE) drag project (Zadra
et al. 2013).
Most of the SSO parameterizations were developed
based on observations (e.g., Grant and Mason 1990) or
numerical simulations (e.g., Wood and Mason 1993)
under neutral conditions, or were intended to just correct the diurnal mean wind (JD12). However, some
studies have demonstrated the dependence of the
TOFD with the PBL’s stability. Belcher and Wood
(1996) and Brown and Wood (2003) analyzed impact of
the stratification on the effective roughness length. They
found that weak stratification increases the wind shear in
the boundary layer, which increases the TOFD. To account for this process, Belcher and Wood (1996) parameterized the roughness length as function of
stratification if the height of the roughness element is
smaller than the Obukhov length. Accordingly, the dependence of TOFD with the stability was one of the
motivations of Wood et al. (2001) to represent the form
drag using an explicit orographic-stress profile instead of
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the effective roughness length. This parameterization
allows one to implement the effects of the stability in a
more straightforward and transparent manner. The authors mentioned (but did not show) that preliminary
results based on the Froude number and the Richardson
number were promising. Subsequently, Allen and
Brown (2006) analyzed the TOFD in convective conditions concluding that for small hills the TOFD decreases
when the boundary layer becomes more convective.
In addition, Wood et al. (2001), Belcher and Wood
(1996), and also Xu and Taylor (1995) suggested that the
turbulence closure in modeling studies is also critical
because the intensity of the orographic drag is related to
the turbulence. They argued that low-order closure
models produce relatively larger orographic drag because they overestimate the shear stress. On the other
hand, several works (Belcher and Wood 1996; Wood
et al. 2001; Sandu et al. 2016) pointed out that the inclusion of the stability on TOFD could be important
when comparing it with other subgrid drags. The TOFD
can be larger than surface drag or than the wave drag in
stably stratified and neutral conditions, respectively.
A related issue is the use of the convective velocity to
enhance the friction velocity (Beljaars 1995). When using this approach it was found (Liu et al. 2004) that the
enhanced friction velocity led to an underestimation of
the daytime wind, at least within the Weather Research
and Forecasting (WRF) Model and the MM5 Model, the
Medium-Range Forecast (MRF; Hong and Pan 1996)
and Yonsei University (YSU; Hong et al. 2006 hereafter
HND06) PBL schemes in those models have since removed the convective velocity contribution for surface
stress while retaining it only to enhance heat and moisture fluxes. More recently, JD12 enhanced the friction
velocity with a TOFD effect, but, as with the Beljaars
et al. (2004) approach, stability effects were not explicitly considered. To the authors’ knowledge, NWP and
climate models still do not account for stability effects in
the TOFD parameterizations.
This work aims to evaluate and include the effects of
atmospheric stability when using the SSO drag formulation and assess its impact on the surface wind simulation. The stability effects are added to the JD12
parameterization implemented in the WRF Model
(Skamarock et al. 2008). The model experiments are
compared with observational data presented in LorentePlazas et al. (2015).

2. Model configuration and observations
The effects of the stability conditions on the SSO drag
have been evaluated over the Iberian Peninsula (IP).
This region was selected because both its complex
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Physical parameterizations are summarized in Table 1.
Unresolved SSO effects are parameterized as is described in JD12 inside the PBL scheme of YSU (HND06).
This scheme multiplies by a factor ct the surface drag
t S associated with the surface land roughness in the
momentum equation; ct is function of the standard
deviation of the subgrid-scale orography and the
Laplacian of the resolved orography.
Simulations are compared against the observations
using the nearest grid point and removing the equivalent
missing data. The wind at 2 m is diagnosed in an analogous way to 10 m using the Monin–Obukhov similarity
theory consistent with the model’s stability-dependent
surface-layer treatment [see Jiménez et al. (2012) for
details].

FIG. 1. The complex topography of the Iberian Peninsula is
represented in gray shadow. The white circles represent the locations with wind speed observations.

orography and its location with respect to the storm
track promote a wide variety of wind regimes. In addition, a
dense and quality controlled database of surface wind is
available for this region (Lorente-Plazas et al. 2015). For
this study, 318 stations at 2 m above the ground level were
selected encompassing the year of 2005 because highquality observational data were available (Fig. 1). Similar
results were obtained with a lower density of stations at
10 m (not shown).
To analyze the SSO effects several numerical experiments were performed with the WRF Model, version
3.4. The spatial configuration consists of two two-way
nested domains with spatial resolutions of 10 km in the
inner domain, which covers the whole IP, and 30 km in
the outer domain. Vertically, 27 inhomogeneous eta
levels were considered with the top level at 50 hPa and
the first eta level is at 16 m approximately. The initial
and boundary conditions were obtained from the ERAInterim reanalysis (Dee et al. 2011).

3. Neglecting the atmospheric stability in the SSO
drag
To show the necessity of including the atmospheric
conditions on SSO drag we examine the performance of
the JD12 parameterization. A simulation with the SSO
scheme activated (TOPO simulation) and a reference
simulation without considering this scheme (REF
simulation) are compared against the surface wind
observations.
Figure 2 shows the annual cycle of the wind speed bias.
The REF simulation overestimates the wind speed
throughout the year, especially from July to December.
Meanwhile TOPO simulation reduces the bias in most
months, but the wind speed is underestimated, especially in the windiest months (from February to April).
To gain insight into the stability dependence of this bias,
the diurnal cycle of the wind speed is assessed for March
(Fig. 3). This month was selected because it represents a
period with a systematic underestimation of winds at
night for the REF simulation during a variety of high
wind speed events. The diurnal cycle shows that the
TOPO simulation significantly improves the bias during
the night. The TOFD acts to slow down the wind speed,
which reduces the overestimation of REF simulation.

TABLE 1. Physical schemes used in the model configuration.
Parameterization

Name

Reference

Longwave radiation
Shortwave radiation
Land surface
Cumulus
Microphysics
Surface layer
Boundary layer (PBL)

Rapid Radiative Transfer Model
Dudhia
Noah scheme
Kain–Fritsch
Single-moment 6-class (WSM6)
MM5 similarity (original version)
Yonsei University (YSU)

Mlawer et al. (1997)
Dudhia (1989)
Chen and Dudhia (2001)
Kain and Fritsch (1990, 1993)
Hong and Lim (2006)
Jiménez et al. (2012)a
HND06

a

The surface layer is modified to obtain the wind speed at 2 m.
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FIG. 3. Mean diurnal cycle of wind speeds for the observations
(black line) and experiments (color lines). Gray lines represent the
PBL height computed as YSU scheme (dots) and with the hybrid
diagnosed equation (triangles). The diurnal cycle is the mean of the
selected stations at 2 m for March.

Conversely, during the daytime the REF simulation
captures the wind speed better than the TOPO simulation because the SSO effects overly slow down the wind
speed during these more unstable conditions.
The analysis of the diurnal cycle reveals an overestimation of the TOFD during the daytime when unstable conditions dominate and suggests that the TOFD
should be parameterized taking into account the PBL’s
activity. During the night, the stability increases, the
flow near the surface is more laminar having more difficulty surmounting the SSO. Then the TOFD increases
and wind speeds are decelerated. During daytime, the
unstable near-surface conditions allow the flow to easily
surmount the surface roughness elements, limiting the
TOFD. Then the drag decreases and wind speeds are
less decelerated. This points to the need to reduce the
effects of form drag when the air motion is less stratified
and more dominated by thermals, and the next section
introduces some methods to achieve this.

4. Including the atmospheric stability in the SSO
drag
a. Redefinition of the SSO drag
FIG. 2. Annual cycle for (a) observed wind speed, and wind speed
bias for (b) REF, (c) TOPO, and (d) EXP3 simulations. Each boxplot summarized the information for all the weather stations at 2 m
during 2005. The red line highlights the zero bias. Circles represent
the outliers values outside the range of the probability of the whiskers. Whiskers are a 1.5 range from the first and third quartile.

According to the previous results, the SSO drag must
be attenuated when the flow instability increases, but
it must be effective when flow stability increases. In
this work, we propose a correction of the TOFD by
including a term j that characterizes the atmospheric
stability. Here j modulates the influence of SSO effects
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by eliminating ct during unstable conditions and including ct during stable conditions. Then, the frictional
term is redefined by
F 5 tS [j 1 ct (1 2 j)].

(1)

If unstable conditions dominate, j is close to unity and
only the orography-independent surface drag impacts
the surface winds (as in REF; F 5 tS ). If stable conditions prevail, j is zero and the SSO drag factor multiplies
surface drag (as in TOPO; F 5 ct t S ); j will range between 0 and 1 for intermediate situations. To illustrate
the impact of the atmospheric conditions on the SSO
drag, four experiments (EXP1–4) have been selected
which differ in the definition of the stability factor j.
EXP1 uses the bulk Richardson number Rib to modulate the friction. If Rib , 0 the PBL is unstable and the
SSO scheme is not included (j 5 1), elsewhere the SSO
is activated (j 5 0). The bulk Richardson number Rib
indicates when the flow becomes turbulent and it is
represented as the ratio of buoyancy to wind shear
terms by
Rib (z) 5

g[uy (z) 2 us ]z
2

uya U(z)

,

(2)

hHYB 5 hu W 1 (1 2 W)hTKE ,



(3)

where cp is the heat capacity at constant pressure for dry
air; Rd and Ry the gas constant for dry air and water
vapor, respectively; Ts the surface temperature; g/Ts the
buoyancy parameter; h the boundary layer height; and
w0 u0y and w0 q0 the upward flux at the surface for virtual
potential temperature and moisture, respectively.
EXP3 includes a hybrid PBL height hHYB in addition
to VCONV to reduce the ct influence when VCONV is zero,

(4)

where W 5 0:5 tanh[(hu 2 hstable )/2hstable ] 1 0:5 and hstable
(5200 m) is a typical height of a strong nocturnal inversion. The advantage of this hHYB instead of the u-based
one of HND06 is a better behavior under nocturnal
conditions without strong surface-based forcing (Fitch
et al. 2013; Benjamin et al. 2016).
The TKE is computed in the first-order YSU scheme
of the PBL (HND06) by a diagnostic equation based on
the level-2 simplification of the turbulent flow model
proposed by Mellor and Yamada (1974, 1982). These
simplifications neglect diffusion and local and advective
changes of TKE, then


q3
›u
›y
1
0
0
0
0
1y w
5 KM u w
2 KH u0 w0 g ,
›z
›z
16:6L
u
|ﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄ{zﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄ}
|ﬄﬄﬄﬄﬄﬄﬄ{zﬄﬄﬄﬄﬄﬄﬄ}
|ﬄﬄﬄ{zﬄﬄﬄ}
Dissipation

where U(z) is the wind speed at z vertical level, us is
surface virtual potential temperature, while uya and uy (z)
are the virtual potential temperature at the lowest
model level and at z vertical level, respectively. In the
YSU scheme, the critical value of Rib is 0, instead of the
more common 0.25, because HND06 added an explicit
entrainment layer above the PBL layer.
In EXP2, j is a function of the convective velocity
VCONV such that SSO is neglected when convective
processes increase (j 5 1) and SSO is enhanced when
the convection decreases (j 5 0). The convective velocity VCONV represents the eddy wind perturbations in
the near-surface layer. According to the MM5 similarity
scheme in WRF, VCONV over land is defined following
Beljaars (1995) as
1/3

Ry
g
0
0
0
0
h cp w u y 1
,
VCONV 5
T wq
Ts
Rd 2 1 s

but the flow is still turbulent (j 5 1). This hybrid PBL
height is the weighted sum of the PBL height from the
potential virtual temperature uy under unstable conditions (hu ; Nielsen-Gammon et al. 2008) and from the
TKE under stable conditions (hTKE ; Banta et al. 2003),
as follows:

Shear

(5)

Buoyancy

where q2 is twice TKE, u is the mean potential temperature, u and y are the mean velocity, KM/H are the
vertical diffusion coefficients of momentum(M)/heat(H),
and L is the master length scale (Blackadar 1962). The
vertical turbulent fluxes (c0 w0 ; c 5 u, y, u) were obtained
from the YSU scheme (see HND06 for details).
Finally, EXP4 combines TKE and hHYB in the j
definition instead of using VCONV and hHYB as EXP3.
This allows us to examine the influence of turbulence
instead of convection in the correction. EXP4 considers twice the TKE integrated over all the vertical
levels (q2I ).
The variables that represent the PBL activity (VCONV ,
TKE, and hHYB ) were chosen by analyzing its relationship with the wind speed bias at each hour of the diurnal
cycle (not shown). First, we inspected VCONV and we
found that for values larger than the unity, the bias is
reduced in REF simulation from 10 to 16 h local time,
but if VCONV is less than the unity TOPO simulation
reduces the bias at night hours. This motivates Eq. (1)
with a threshold of unity for j, and the scalar functions
involved in each experiment (see Table 2) were chosen
taking into account this relationship in March.

b. Performance of the new SSO drag
EXP1–4 are evaluated by comparing with observations as well as with REF and TOPO simulations.
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TABLE 2. Summary of the simulations performed with different
frictional terms. In EXP3 and EXP4 the function of hHYB is given
by f (hHYB ) 5 max[(hHYB 2 500)/1000, 0] and in EXP4 twice
the TKE (q2 ) is integrated to the N vertical levels zi such as
N
q2I 5 åi51 q2i /Dzi.
Simulations

Stability parameter j in Eq. (1)

REF
TOPO
EXP1
EXP2
EXP3
EXP4

1
0
0 if Rib . 0, else 1
min(VCONV , 1)
min[0:9VCONV 1 1:5f (hHYB ), 1]
min[0:4q2I 1 4f (hHYB ), 1]

Figure 3 shows the mean diurnal cycle of wind speed
during March 2005. EXP1 (j function of Rib ) improves
the diurnal cycle by reducing the nighttime (daytime)
positive (negative) bias in REF (TOPO) simulations.
However, an overestimation remains during sunrise and
an underestimation during the late afternoon. EXP2
(j function of VCONV ) slightly reduces the wind overestimation before noon, but the negative bias during the
late afternoon remains as a consequence of a sharper
decline of the modeled wind speed than the observations. This issue highlights the necessity of introducing
another variable that is still significant when convective
forcing vanishes.
After sunset, a transitional period dominates between
the unstable and stable boundary layer. Convective
surface forcing vanishes and the flow is stable near the
surface, but a strong downward flux remains as a result
of residual turbulence and vertical wind shear in the
inversion layer. The PBL mixing is still significant although VCONV is zero. Therefore, a variable that represents these features of the PBL mixing is essential to
reduce the wind speed bias during the late afternoon.
This need motivated the choice of the PBL height diagnostic [as defined by Eq. (4)] that represents the
continued effects of turbulence during the transition
period. Figure 3 compares the PBL height computed by
YSU scheme (hYSU ) and the hHYB computed using the
TKE. We found that hHYB has its maximum higher and
decreases 1 hour later than hYSU .
Bearing this in mind, the hHYB is included in EXP3
and EXP4 and its impact on the TOFD correction for
the diurnal mean wind is shown in Fig. 3. EXP3 includes
hHYB in addition to VCONV for the TOFD correction. The
inclusion of hHYB improves the wind speed during the
late afternoon (18, 19, and 20 h), but a slightly negative
bias still remains. Finally, EXP4 that combines q2I and
hHYB , improves the simulated wind in these conflicting
hours, but it is overestimated during the nighttime
and underestimated during the early morning. Overall,
EXP1–4 experiments provide more realistic diurnal

VOLUME 144

cycles than the REF or TOPO simulations, which
shows the relevance of atmospheric stability on the
SSO effects.
Based on its best performance, EXP3 is selected to
examine the SSO correction throughout the year. The
annual cycle of wind speed bias (Fig. 2) shows that the
systematic error is corrected, although slightly positive
and negative biases remain depending on the month. The
diurnal cycle of wind speed for each month (Fig. 4) shows
similar results to March. The wind speed is reduced
during the night and enhanced during the day with respect to REF and TOPO simulations, producing a
more realistic diurnal variability. Moreover, the correction mitigates some issues. The REF wind speed overestimation is reduced during the daytime in November
and December, and the TOPO daytime wind underestimation is reduced in all months. Nevertheless, the
new SSO drag still overestimates during the daytime from
July to October. Some preliminary spatial analysis points
to this issue being attributable to deficiencies in the representation of the large-scale pressure, not related to the
topography. Also, the sharp decline of wind speed in the
late afternoon still remains from January to April.

5. Discussion
The generalization of the improvement of the surface
winds using the JD12 scheme and its correction could be
constrained by several factors; initial conditions, horizontal and vertical resolution, reforecast or continuous
runs, physical parameterizations, etc. The proposed correction (as for other parameterizations) has physical
fundamentals but it is also empirical. The values involved
in the scalar function (Table 2) are based on the available
observations with a good density of stations distributed
over a heterogeneous area (with valleys, hills, coastlines,
plateaus, etc.) and during a long period (1 year). This can
give reliability to the parameterization. Nevertheless,
sensitivity experiments are always necessary and, with
further tuning, they could give more robustness to JD12
scheme and its correction for other specific practical uses.
Regarding the PBL scheme, we are using version 3.4
of the WRF Model, which is affected by an overmixing
during the night due to an inappropriate representation of the nondimensional profile function in the YSU
scheme during stable conditions (Hu et al. 2013). We
examined this issue and we found that fixing the overmixing error enhances the SSO improvement at night by
reducing the remaining bias, but it is independent of the
changes we make to the daytime scheme, so those improvements remain as effective.
Regarding the technique, JD12’s scheme and this
correction have been included in YSU scheme, but they
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FIG. 4. Mean diurnal cycle of the wind speed for the observations (black line), REF (green line), TOPO (blue line), and EXP3 (red line)
simulations. The diurnal cycle is the mean of the selected stations for each month of 2005.
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can be extended to other PBL schemes. A priori, there is
not any restriction because the SSO drag is based on
introducing a term in the surface stress of the momentum
equation so it is not dependent on the PBL scheme.
Moreover, PBL schemes with an order larger than first
order often compute the TKE to obtain the eddy diffusivity meaning the correction of the SSO drag could be
more straightforward because then it is not necessary to
diagnose the TKE as it was in our first-order scheme. On
the other hand, neglect of the TOFD could be also a potential reason why other PBL schemes in the WRF Model
also overestimate the winds (Shin and Hong 2011; Hu
et al. 2013; Gómez-Navarro et al. 2015). Improvements in
orographic drag and PBL schemes should be done together in order to avoid wrong attribution of error sources.
As Sandu et al. (2016) pointed out the parameterizations
of subgrid surface stress represented by the boundary
layer and the subgrid orography are a major source of
uncertainty in NWP and climate models.

6. Conclusions
This study assessed the role of the atmospheric stability on the drag due to unresolved small-scale orography focusing on its impact on the surface wind speed.
The stability conditions are included on top of JD12’s
scheme that represents the SSO effects in the WRF
Model using an enhanced surface stress. The necessity
of including the stability effects was motivated by some
limitations of the TOFD in reproducing the mean diurnal cycle of the wind speed. This scheme improved
the wind speed representation during the night, but it
was underestimated during the daytime. To overcome
this issue, the TOFD is corrected to modulate its intensity according to the atmospheric stability. Results
demonstrated how the correction maintains the intensity of the TOFD during stable conditions and decreases its intensity during unstable conditions. This
correction accelerates the wind speed during the daytime, which significantly reduces the underestimation
due to the JD12 method alone. Consequently, the diurnal cycle improves for all months and systematic
errors in the annual cycle are removed. The benefits are
especially significant when the stability is included using the convective velocity VCONV and the PBL height;
VCONV decreases the drag when the convective processes increase. Meanwhile the PBL height reduces the
drag during the late afternoon when VCONV is zero and
the flow still has convectively generated turbulence.
A general remark from this study is that any parameterization that attempts to include a turbulent
orographic form drag should also consider the effect of
stability on this extra drag, and, in particular, that
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under convective boundary layer conditions, this form
drag may reduce significantly in magnitude.
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