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Orographic Drag Developments

Abstract

In this study we validate and optimize the orographic low-level flow blocking and gravity wave
drag parametrizations used in the Integrated Forecasting System (IFS) of the European Centre for
Medium-Range Weather Forecasts (ECMWF), across a range of horizontal resolutions (10 to 100
km). We make use of km-scale simulations, that are able to largely resolve these orographic drag
processes, building upon the protocol developed for the WGNE/GASS COORDE (Constraining
Orographic Drag Effects) model comparison project. Km-scale simulations over the Middle East
mountain chains were used in COORDE to evaluate the performance of the flow blocking and grav-
ity wave drag parametrizations in a variety of models including the IFS. COORDE revealed, for
example, that the IFS, along with several other models, underestimates orographic drag due to grav-
ity wave breaking, particularly in the lower stratosphere. By constraining orographic drag associated
with mountains with scales larger than 5 km, the COORDE km-scale simulations also helped to
constrain the partition between low-level drag processes.

The insights gained from COORDE and from recent work using km-scale simulations at the UK
MetOffice and ECMWF were used to revise the representation of orographic drag processes in the
IFS. This consisted of a revision of the subgrid orography fields, and a repartitioning of the contribu-
tions of the low-level orographic drag processes (turbulent orographic form drag and flow blocking)
to the surface drag. The revised subgrid orography fields now represent orographic features with
scales smaller than the effective orographic resolution of the model rather than the grid-length. Ad-
ditionally, the strength of the turbulent orographic form drag was decreased while low-level flow
blocking drag was enhanced. With these revisions, the impact of the parametrized orographic drag
on the zonal winds becomes more similar to the impact of the explicitly resolved drag from the km-
scale simulations over the Middle East region, compared to the current version of the IFS. Moreover,
with the new subgrid orographic fields and the retuned orographic drag parametrizations, the IFS
exhibits a zonal momentum budget that is consistent across a range of resolutions. The impact of the
revised representation of orographic drag on forecast performance was evaluated extensively across
various applications used at ECMWF from data assimilation and medium-range forecasts to seasonal
prediction. Improvements were found in key aspects of the Northern Hemisphere winter circulation
at all timescales and resolutions used for applications at ECMWF.

1 Introduction

Orographic drag is known to affect the global atmospheric circulation and, more specifically, key aspects
of the Northern Hemisphere (NH) winter circulation (White et al. 2021). In numerical models of the
atmospheric flow, a set of governing equations are discretised to obtain numerical solutions. Therefore,
boundary conditions such as orography and other characteristics of the land surface also need to be repre-
sented discretely. Numerical discretisation inevitably introduces scale truncation, resulting in numerical
models that cannot explicitly represent scales smaller than their resolution. The effects of processes tak-
ing place at scales smaller than the model resolution are represented using so-called parametrizations.
Orographic drag parametrizations are used to represent the drag exerted on the atmosphere by unresolved
orographic features. Because orography plays an important role in the evolution of the atmospheric flow,
orographic drag parametrizations constitute key ingredients in the accurate prediction of weather and
climate (Sandu et al. 2019).

The effects of unresolved orographic scales were first accounted for in a global circulation model through
the introduction of an envelope orography, which increases the model mean (or resolved) orography in
proportion with the standard deviation of the subgrid scale orographic heights (Slingo and Pearson 1987,
Wallace et al. 1983). Later, the concept of envelope orography was replaced by more direct parametriza-
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tions of subgrid scale orographic effects, using theoretical principles. These represent gravity wave drag
(Iwasaki et al. 1989, McFarlane 1987, Palmer et al. 1986), low-level flow blocking (Lott and Miller 1997,
Scinocca and McFarlane 2000) and turbulent orographic form drag. Form drag effects are represented
either with an effective roughness length approach (Wood and Mason 1993), which enhances the rough-
ness proportionally to the topographic height, or with an explicitly distributed form drag (Beljaars et al.
2004). Along with the evolution of orographic drag parametrizations, the grid-length (or resolution) of
weather and climate models has also continuously increased over time, meaning that more and more of
the orographic scales are now resolved explicitly (Bauer et al. 2015, Kanehama et al. 2019).

Despite these advances, the representation of orographic drag processes in weather and climate models
remains uncertain and poorly constrained by both theory and observations. Recent community efforts
have aimed at assessing and quantifying these uncertainties, as well as finding avenues for improving the
representation of these processes (Sandu et al. 2019). Under the framework of the Working Group on
Numerical Experimentation (WGNE) of the World Meteorological Organization, a first drag project com-
pared the subgrid surface stresses from major operational global numerical weather prediction (NWP)
systems and revealed that these differ substantially, particularly over land (Zadra 2013). The NWP sys-
tems differ not only in their total subgrid surface stress, but also in their partition between different
parametrized processes. A second model comparison, which focused on the subgrid orographic fields
used in the low-level blocking and gravity wave parametrizations (Elvidge et al. 2019), showed that
inter-model differences in these fields are of first order importance for the differences in subgrid surface
stress found in the initial WGNE drag project. More recently, the WGNE/GASS project on COnstrain-
ing ORographic Drag Effects (COORDE, van Niekerk et al. (2020)) compared various orographic drag
parametrizations used in global NWP systems, and demonstrated that km-scale simulations can provide
useful insights into the deficiencies of low-level flow blocking and gravity wave drag parametrizations.
In addition, the implications of the effective resolution (Abdalla et al. 2013, Lander and Hoskins 1997,
Skamarock 2004) for subgrid orographic drag parametrizations have been discussed (Vosper 2015), and
an approach to estimate the effective orographic resolution has been proposed (Kanehama et al. 2019).

In this paper, we evaluate the orographic drag parametrizations in the Integrated Forecasting Systems
(IFS) of the European Centre for Medium-Range Weather Forecasts (ECMWF) and optimise particular
uncertain parameters therein, building on the methodology of the COORDE project (van Niekerk et al.
2020) and on lessons learned from recent community efforts on orographic drag processes (Elvidge
et al. 2019, Kanehama et al. 2019, van Niekerk et al. 2018, Vosper 2015, Vosper et al. 2019). After a
brief description of the orographic drag parametrizations used in the IFS (Section 2), we illustrate their
deficiencies using COORDE-like experiments and we motivate recent changes made to alleviate them
(Section 3). These consist of generating the subgrid orographic fields so that they represent scales smaller
than the effective orographic resolution, rather than the grid-length, and retuning uncertain parameters
within the low-level blocking and turbulent orographic drag parametrizations. Details of these changes,
along with a first evaluation of their impact on the circulation will be described in Section 4. The impact
of the revised representation of the orographic drag on the forecast performance at various time-scales,
ranging from day to seasons, is then discussed in Section 5, before drawing conclusions (Section 6).

2 Orographic drag parametrizations in the IFS

To help the understanding of the proposed changes to the representation of orographic drag processes
within the IFS, we first briefly describe the orographic drag parametrizations used.

The effects of orographic drag on atmospheric flow are parametrized separately depending on the scales
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of the unresolved orography. Thus, it is assumed that only hydrostatic waves are generated by subgrid
orography. Based on linear wave theory of flow over orography in typical winds speeds of order 10
m/s and Brunt-Vaisala frequency of 0.01 s−1, only orography of scales of approximately 5 km in the
horizontal can generate vertically propagating gravity waves (ECMWF 1997). As a result, both the
orographic gravity wave and flow blocking drag components account for scales larger than 5 km. These
effects are represented using the Lott and Miller (1997) scheme, referred to hereafter as the Subgrid Scale
Orography scheme (SSO). Scales smaller than 5 km are represented using the Turbulent Orographic Form
Drag (TOFD) scheme (Beljaars et al. 2004). For more details on these schemes, see IFS documentation
(2019).

2.1 Turbulent Orographic Form Drag

The TOFD scheme applies drag explicitly on model levels in the equation for the horizontal wind com-
ponents, e.g. the change in zonal wind U due to TOFD is:

∂U
∂ t

=
∂

∂ z
τx

ρ
=−Ctofd|U(z)|U(z),

Ctofd =−αβCmdCcoor2.109e−(z/1500)1.5
a2z−1.2 (1)

with τx being the stress, ρ the density, z the height above the surface, α = 35, β = 1, Cmd = 0.005,
Ccoor = 0.6, a2 = a1kn1−n2 , a1 =σ2

flt(IHkn1
flt )
−1, k1 = 0.003m−1, n1 =−1.9, n2 =−2.8, kflt = 0.00035m−1,

Ih = 0.00102m−1 and σflt is the standard deviation of filtered subgrid orography (to remove scales larger
than 5 km). A corresponding equation is used for the meridional wind V . For numerical stability, these
equations are solved implicitly, with the absolute wind speed |U | taken from the previous time level
and the U(z) and V (z) components evaluated at the new time level. In addition, the drag coefficient is
passed to the diffusion solver, where the changes to the momentum due to TOFD, blocking and turbulent
diffusion are solved together implicitly.

2.2 Subgrid scale orographic drag

The Lott and Miller (1997) SSO scheme used in the IFS relies on the concept of anisotropic orography
proposed by Baines and Palmer (1990). The SSO scheme represents two effects: the gravity wave
drag exerted by the breaking of orographically generated vertically propagating gravity waves and flow
blocking drag due to the deflection of the flow by the orography at low levels.

2.2.1 Blocked flow drag

The SSO scheme assumes that the flow is deflected laterally when encountering a mountain barrier
because it does not have enough energy to pass over it, either because winds are too weak or the atmo-
spheric stability is too strong. The blocking height Zblk is defined as the maximum model level below
the mountain height for which the non-dimensional mountain height reaches a critical value Hncrit , i.e∫ 3µ

Zblk

N
Up

dz≥ Hncrit (2)

where N is Brunt-Vaisala frequency, Up is the wind speed in the direction of the incident flow, and z
is height above mean orography. The statistical mountain height is selected to be H = 3µ , where µ is
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the standard deviation of the subgrid orographic heights. Hncrit is set to 0.5. The vertical distribution
of blocked flow drag and its dependendence on wind direction are based on the assumption that sub-
grid orography consists of a collection of ellipse shaped hills with average slope σ , orientation θ and
anisotropy γ . The blocked flow drag Dblk is directly applied to model levels using:

Dblk(z) =−Cdmax
(

2− 1
r
,0
)

ρ
σ

2µ

(
Zblk− z
z+µ

)1/2

(Bcos2
ψ +C sin2

ψ)
U |U |

2
(3)

where Cd is a (constant) drag coefficient, r is the aspect ratio of the elliptic mountain as seen from the
incident flow, ρ is the density, and ψ is the angle between incident flow and principal axis of the elliptic
mountains. Following Phillips (1984), B and C are estimated as:

B = 1−0.18γ−0.04γ
2,C = 0.48γ +0.30γ

2 (4)

In the IFS r is formulated1 as

r =

√
cos2 ψ + γ2 sin2

ψ

γ2 cos2 ψ + sin2
ψ

(5)

The change in the zonal wind due to the low-level flow blocking drag is given by

∂u
∂ t

=
Dblk

ρ
(6)

In the IFS, the blocking coefficient Cd is currently set to 2.

For numerical stability, as for TOFD, eq. 6 is solved implicitly so that the absolute wind speed |U |
is taken from the previous time level and the U and V components are evaluated at the new time level.
Similarly to TOFD, the drag coefficient is passed to the diffusion solver, where the changes to momentum
due to TOFD, blocking and turbulent diffusion are solved together implicitly.

2.2.2 Gravity wave drag

The gravity wave drag part of the Lott and Miller (1997) scheme is based on Palmer et al. (1986) and
Baines and Palmer (1990). As the flow below Zblk is blocked and is assumed not to be able to cross the
mountain barrier, the amplitude of the gravity waves is considered to be equal to the so called effective
mountain height Heff = H − Zblk. Since IFS cycle 32r2, Heff is multiplied by a factor of 2 in order to
adjust gravity wave stress, i.e Heff = 2(H −Zblk). Following Phillips (1984), the gravity wave surface
stress (τ1,τ2) in the parallel and perpendicular directions to the incident flow is written as

(τ1, τ2) = ρlulNl
Heff

2

9
σ

µ
G
{

Bcos2
ψl +C sin2

ψl, (B−C)sinψl cosψl
}

(7)

where G is a function of mountain sharpness and the subscript l denotes low-level mean between µ and
2µ . Note that equation 7 is divided by 9 rather than 4 which was originally proposed in Lott and Miller
(1997) to scale equation 7 with the maximum value of H (3µ when Zblk is zero). Upward propagation
of the gravity waves, with a critical level filtering and a saturation of the amplitude is treated in the same
manner as in Palmer et al. (1986).

1it was previously formulated as r = cos2 ψ+γ sin2
ψ

γ cos2 ψ+sin2
ψ

, but this error was fixed in the current study and the impact of this change
was shown to be negligible.
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2.2.3 Subgrid orography fields

The Lott and Miller (1997) scheme assumes that the subgrid orography is represented by elliptic moun-
tains, characterised by four parameters: standard deviation µ , slope σ , anisotropy γ and angle (or orien-
tation) θ . These characteristics of the subgrid scale orography (the SSO climate fields) are derived from
an original 30” (approximately 1-km) orography dataset, averaged at a 2’30” resolution (approximately
5 km). In the current version of the IFS, the SSO fields are constructed to represent scales between 5 km
and the grid-length, by taking the difference between this 2’30” orography field and a filtered version
of it in which scales smaller than the grid-length are removed by applying a 1-dx filter (where dx is the
grid-length). These orography differences at 2’30” resolution are then aggregated to derive the four fields
at the respective grid-box resolution (see IFS documentation (2019) for more details).

3 Motivation for the orographic drag revisions: COORDE and effective
orographic resolution

In this study, we exploit two recently proposed approaches to evaluate and revise the representation
of orographic drag processes in the IFS. One approach is the framework to constrain orographic drag
parametrizations using high-resolution (regional) simulations proposed in the COORDE project (van
Niekerk et al. 2018; 2020). The other approach allows us to estimate the effective orographic resolution
of a model by analysing the resolved mountain torque obtained from a set of simulations with different
atmospheric and orographic resolutions (Kanehama et al. (2019), which follows on from the earlier
studies of Brown (2004), Davies and Brown (2001).

The basic idea of the COORDE experimental design is the following. A high-resolution (km-scale)
model resolves, to a large extent, orographic effects such as low-level flow blocking and gravity wave
drag. The high resolution model is run with two different orographic resolutions, one that is the equiv-
alent to the grid-length and one that is coarser than the grid-length. The difference between these two
simulations then provides an estimate of the impact from orographic scales ranging from those close
to the grid-length to those of the coarser orography. Such high-resolution simulations (e.g. 1.8 to 10
km), with high (e.g. 1.8 to 10km) and low resolution (100 to 150 km) orography, were performed in
COORDE with several models over the Middle East mountain chains (see Fig. 1 of van Niekerk et al.
(2018)), and were used to estimate the impact of resolved orography on the flow. This impact of the
resolved orographic drag was then compared to the impact of parametrized low-level flow blocking and
gravity wave drag. The impact of parametrized drag was deduced by taking the difference between
two simulations performed at low (100 km) resolution with and without the flow blocking and gravity
wave drag parametrizations turned on. This comparison allows us to constrain the low-level flow block-
ing and gravity wave drag in the low resolution simulation. It also allows us to indirectly constrain, to
some extent, the partition between low-level flow blocking and turbulent orographic form drag. Since
multiple international modelling groups have participated in the COORDE model comparison, various
interesting characteristics and deficiencies of the orographic drag parametrizations have been found and
are summarised in van Niekerk et al. (2020).

In this study we employ the COORDE methodology and experimental design to evaluate the performance
of the orographic drag parametrizations used in the IFS over a range of resolutions (10 to 150 km). The
high-resolution simulations performed in COORDE only provided constraints on the amount of drag
which should be parametrized at resolutions of about 100 km. In order to estimate the amount of drag
which should be parametrized at resolutions currently used at ECMWF for medium and extended-range
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forecasts (9 to 40 km), we have performed additional km-scale simulations with the Unified Model of
the UK Met Office (MetUM) following the COORDE experimental design. We have performed 1.8 km
regional simulations over the Middle East region, using different orographic resolutions: 1.8, 9, 40, and
150 km. As in COORDE, these MetUM simulations were performed for 1 to 14 January 2015, and
consist of 24 hours forecasts initialised daily at 00UTC from the ECMWF operational analysis. Also as
in COORDE, the parametrizations of flow blocking and gravity wave drag, which are considered to be
resolved at 1.8 km, were turned off while the parametrization of turbulent orographic form drag, which
is still not completely resolved at this resolution, was turned on in these simulations.

The difference between the simulations with 1.8 km orography and the simulations with coarser orogra-
phies allows us to estimate the impact of resolving orographic features with scales between 1.8 to 150
km, 1.8 to 40 km and 1.8 to 9 km, respectively, on the atmospheric flow. The impacts of the resolved
drag due to these different orographic scales on the zonal winds over the Middle East region are shown in
Figure 1. A strong deceleration of the zonal winds can be seen in the lower atmosphere near orography,
due to low-level flow blocking, and in the upper troposphere to lower stratosphere, due to gravity wave
breaking. The spatial distribution of this deceleration is qualitatively similar for the three ranges of oro-
graphic scales, but the magnitude decreases relatively linear as more scales are included in the resolved
orography. For example, the deceleration due to resolved drag from orographic scales between 9 and 1.8
km is weaker than that due to drag from scales between 40 and 1.8 km. This corroborates our previous
findings that all orographic scales have similar impacts on the large-scale atmospheric circulation during
the NH winter (Kanehama et al. 2019).

Figure 2(a-c) shows the impacts of parametrized drag on the zonal wind over the Middle East region
in the IFS, at three resolutions which closely match the low resolution orographies used in the 1.8 km
MetUM simulations. These impacts were deduced from global short-range (24 hours) IFS forecasts with
and without the SSO scheme, initialized daily at 00UTC from 1 to 14 January 2015 from the ECMWF
operational analysis. These forecasts were run using a cubic octahedral grid (TCo) and the following
spectral truncations: 79, 319 and 1279 (Malardel et al. 2016). The horizontal resolution of these forecasts
is about 144, 36 and 9 km in the mid-latitudes. TCo319 is the resolution used for operational ECMWF
extended-range and seasonal forecasts and TCo1279 is the resolution used for operational deterministic
ten-day forecasts. TCo79 is not used at ECMWF but is equivalent to the resolution used for EC-Earth
climate simulations. As in the km-scale MetUM simulations, the TOFD scheme was on in all IFS
simulations.

If the SSO scheme was perfectly simulating low-level flow blocking and gravity wave drag effects,
the impacts on the zonal winds seen in Figure 2 (a-c) should match those of the resolved orography
shown in Figure 1. However, at TCo79, the deceleration of the zonal winds in the stratosphere due
to the SSO scheme appears to be too weak in the IFS, and there is no acceleration of the zonal wind
on the northward flank of the mountains in the lower troposphere, corroborating the findings of van
Niekerk et al. (2018; 2020). These deficiencies of the SSO scheme are also apparent at higher resolutions
(TCo319 and TCo1279). Moreover, the low-level deceleration is also too weak at TCo319 and virtually
non existent at TCo1279. The low-level flow blocking and gravity wave drag parametrization appears
thus to have almost no impact on the zonal winds over this region at TCo1279.

van Niekerk et al. (2020), Vosper et al. (2019) showed that the underestimation of the gravity wave drag
in the stratosphere, and the very weak dependence of the gravity wave drag on the horizontal resolu-
tion is related to the formulation of the Lott and Miller (1997) scheme. The scheme assumes that all
the elliptical mountains within a grid-box have the same length-scale, with this scale being close to the
grid-length. Since the average gravity wave surface stress within a grid-box is inversely proportional to
this length-scale, this results in an almost constant gravity wave drag when averaged over a particular
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region, such as the Middle East. This underestimation of the zonal wind deceleration in the stratosphere,
and that close to the surface at higher resolution, may also be exacerbated by the fact that the current
scheme only represents effects from orographic scales between 5 km and the grid-length. However,
given that the scales credibly resolved by the model’s dynamical core are generally larger than the nom-
inal grid-box resolution, there are orographic scales that are neither directly resolved nor parametrized.
As discussed in Vosper et al. (2016), these scales lie between the grid-box resolution and the effective
orographic resolution. Vosper (2015) has demonstrated that the momentum balance has been improved
when orographic drag due to these missing scales was included in regional simulations with the MetUM
over South Georgia, and suggested that orographic drag parametrizations should represent scales smaller
than the effective resolution rather than the grid-length. In practice, this means that the subgrid scale oro-
graphic fields used in the low-level blocking and gravity wave drag parametrizations should be defined
such that they represent characteristics of orographic scales smaller than the effective resolution. One
issue, however, is that there is no consensus on how to estimate the effective orographic resolution.

Following ideas from Davies and Brown (2001), Kanehama et al. (2019) recently demonstrated that the
effective orographic resolution of a model can be estimated by analysing the changes in the resolved
orographic torque from a series of simulations with varying orographic and atmospheric resolutions. As
the atmospheric resolution is gradually increased, while the orographic resolution remains unchanged,
the resolved orographic torque increases, since the mountains are more accurately resolved. The effective
resolution can then be estimated as the atmospheric resolution at which the resolved orographic torque
no longer changes. Figure 3 illustrates that the effective orographic resolution for the IFS, when using a
cubic discretization, is around 4 times the grid-box resolution (4-dx). For a more detailed discussion see
Kanehama et al. (2019).

In light of these findings, our strategy for revising the representation of orographic drag processes in
the IFS is as follows. We regenerate the SSO fields on the effective orographic resolution (4-dx) and
use the COORDE-type experiments described above to assess the impact of using these fields, instead
of the current fields constructed on the grid-box (1-dx) resolution, on the zonal winds over the Middle
East region. We then evaluate the impact on forecast skill at several resolutions and retune some of the
constants used in the SSO and TOFD parametrizations.

(a) 1.8 km - 150 km

20 25 30 35 40 45 50
Latitude

1000850
700
500

250

100

10

Pr
es

su
re

 (h
Pa

)

HR CTL - HR 150 km OR (UM)

ms−1day−1
−2.0
−1.6
−1.2
−0.8
−0.4

0.4
0.8
1.2
1.6
2.0

(b) 1.8 km - 40 km

20 25 30 35 40 45 50
Latitude

1000850
700
500

250

100

10

Pr
es

su
re

 (h
Pa

)

HR CTL - HR 40 km OR (UM)

ms−1day−1
−2.0
−1.6
−1.2
−0.8
−0.4

0.4
0.8
1.2
1.6
2.0

(c) 1.8 km - 9 km

20 25 30 35 40 45 50
Latitude

1000850
700
500

250

100

10

Pr
es

su
re

 (h
Pa

)

HR CTL - HR 9 km OR (UM)

ms−1day−1
−2.0
−1.6
−1.2
−0.8
−0.4

0.4
0.8
1.2
1.6
2.0

Figure 1: The impact of resolved drag on the zonal winds [m/s/day, shading] over the Middle East
region due to orographic scales comprised between (a) 1.8 km - 150 km, (b) 1.8 km - 40 km, and (c) 1.8
km - 9 km, derived from the difference between the 1.8 km MetUM simulations with high (1.8 km) and
low resolution (9, 40, 150 km) orographies. The values represent averages over the set of 14 forecasts,
at the end of the 24 hours of simulation, and are longitudinally averaged over the Middle East region.
Contours show the zonal wind for the runs with 1.8 km orography and contour intervals are 10 m/s.
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Figure 2: The impact of the SSO scheme on the zonal winds [m/s/day, shading] derived by taking the
difference between IFS forecasts with and without SSO scheme over the Middle East region at TCo79
(144 km, left), TCo319 (36 km, center) and TCo1279 (9 km, right) (a,b,c) for the control orographic
configuration, (d,e,f) for the forecasts using the 4-dx SSO fields, and (g,h,i) for the final orographic drag
configuration. The values represents averages over the set of 14 forecasts, at the end of the 24 hours of
simulation and are longitudinally averaged over the Middle East region. Contours show the zonal wind
for the runs with SSO scheme and contour intervals are 10 m/s.
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Figure 3: The total resolved torque [N m] over the Northern Hemisphere, averaged over the first 24-
hours of the IFS forecasts, as a function of the ratio of atmospheric and orographic resolutions ranging
from TCo63 (180 km) to TCo1279 (9 km). This is derived from the experiments with a varying atmo-
spheric resolution and a constant orographic resolution (indicated in the legend), with the SSO and TOFD
schemes switched off, described in Kanehama et al. (2019). Adopted from Figure 4. of Kanehama et al.
(2019).

4 SSO fields at the effective orographic resolution and their impact

In this section we discuss how the SSO fields were changed to represent scales up to the effective res-
olution, as opposed to the grid-length. We also illustrate the implications of this change for the subgrid
orography characteristics, for the zonal winds over the Middle East region, and more generally for fore-
cast skill in the NH during winter.

4.1 SSO fields at the Effective Orographic Resolution

As shown in Figure 3, the effective orographic resolution can be approximated as 4-dx for the cubic
discretisation of the IFS (Kanehama et al. 2019). To regenerate the SSO climate fields on this effective
orographic resolution, we used a 4-dx filter instead of a 1-dx filter when creating the filtered 2’30”
orography field which is substracted from the original orography (see Sect 2.2.3). This smooths out the
filtered orography field, and results in larger subgrid mountain heights. This results in an increase of
the standard deviation and slope of the subgrid orography, which, as shown by Elvidge et al. (2019), are
the parameters that contribute most to the surface stress of the SSO scheme and impact the large scale
circulation.

The increase in the standard deviation of the subgrid orography when using a 4-dx instead of a 1-dx filter
is illustrated using a probability density function, which shows increases in the higher values (Figure 4).
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Figure 5 also shows increased values of the standard deviation of the subgrid orography, as well as an
increased regional extent of these larger values, over the Tibetan Plateau. A similar behaviour is found
for the SSO slope (not shown). The changes in the anisotropy and angle fields are less marked, and are
less relevant because they have a negligible impact on the overall forecast performance (Elvidge et al.
2019). In the process of changing the SSO fields to represent scales less than 4-dx, several minor bugs
were found and fixed in the climate generation software at ECMWF, in particular to the definition of the
anisotropy. The impact of these corrections on the large-scale forecast skill was found to be negligible
and they are included in the 4-dx version of the SSO fields.
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Figure 4: Probability density function of the standard deviation of the SSO height at TCo639 (approx-
imately 18 km resolution in the mid-latitudes, used for operational medium-range ensemble forecasts),
constructed with a 1-dx (blue) and a 4-dx filter (red). Note that only land grid points are included.
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Figure 5: Maps of the standard deviation [m] of SSO height at TCo639, constructed with (a) 1-dx and
(b) 4-dx filter over the Tibetan Plateau.

4.2 Impact of the SSO fields at effective orographic resolution

The impact on circulation from using the 4-dx SSO fields, via the changes in the parametrized drag
from the SSO scheme, is first analysed in the COORDE framework. For the COORDE period 24 hours
forecasts were thus performed using the new SSO fields derived with the 4-dx filter (labelled SSO4dx
hereafter) at TCo79, TCo319 and TCo1279. The impact of the parametrized drag on the zonal winds over
the Middle East region was deduced by taking the difference with the corresponding IFS runs without
the SSO scheme at these resolutions (Figure 2d,e,f). The larger SSO standard deviation and slope in the
SSO4dx runs lead to an increase of the parametrized SSO drag (particularly of the low-level blocking
component) compared to the control IFS configuration, and result in a larger impact on the zonal winds.
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Comparing the middle and top rows of Figure 2, it appears that the deceleration of the zonal winds, both
near the surface and in the stratosphere, is stronger in the SSO4dx runs bearing a closer resemblance to
that from the resolved drag (Figure 1). At TCo79 and TCo319, there is also a hint of the acceleration
on the northern flank of the mountain chains in the SSO4dx runs, which was absent in the control IFS
runs. The deceleration of the winds throughout the troposphere is also stronger than in the control runs
at all resolutions. This deceleration was already too strong in the control runs compared to the km-scale
simulations, particularly at TCo79. As discussed in van Niekerk et al. (2018; 2020), this deceleration of
the tropospheric zonal wind in the parametrized runs is due to a response of the dynamics to the use of
the SSO scheme. In the SSO4dx runs, the overestimation of this tropospheric deceleration becomes even
stronger, particularly at TCo79 and TCo319. This is likely related to the findings of van Niekerk et al.
(2016) that the low-level blocking drag varies too rapidly with resolution.

This comparison of the parametrized and resolved orographic drag suggests that the 4-dx SSO fields
allow us to better capture key features of the impact of orographic drag on the zonal winds over the
Middle East region, i.e. the deceleration near the surface and in the lower stratosphere, across considered
resolution range (9 to 144 km). However they lead to an overestimation of the tropospheric impact,
particularly at the lowest resolutions evaluated here (TCo79 and TCo319).

The impact of the 4-dx SSO fields was then evaluated by assessing the changes in forecast skill at
TCo639 (18 km), the resolution of ECMWF’s operational medium-range ensemble forecasts. Forecast
only experiments, initialized from the operational ECMWF analysis, were performed at this resolution,
both in deterministic mode for the COORDE period and in ensemble mode for a more recent winter
period. In the ten-day deterministic forecasts, the use of the 4-dx SSO fields has a positive impact
throughout the troposphere and particularly in the stratosphere in the NH mid-latitudes, where the largest
mountain chains are situated, but leads to a deterioration of the geopotential height in the Tropics. As
illustrated in Figure 6a, both the positive and negative impacts in the mid-latitude NH and Tropics,
respectively, are statistically significant in the medium-range. The ensemble forecast skill was also
deteriorated in certain regions, and again particularly in the tropics (not shown).

These results suggest that using the 4-dx SSO fields with the current parameter choices for the SSO and
TOFD schemes lead to too much orographic drag. Figure 7 illustrates that the use of the 4-dx SSO fields
results in a significant increase in the contribution of the SSO scheme to the surface stress over land
(100-150%) and an increase in the zonally averaged total parametrized surface stress of about 10-15 %
in the NH mid-latitudes. This is commensurate with the differences in surface stress between the IFS
and the MetUM over this region found in the WGNE drag project and discussed in Sandu et al. (2016).
As shown in Elvidge et al. (2019), these differences can to a large extent be explained by the differences
between the SSO fields used in the IFS and the MetUM (e.g. related to differences in filtering, orography
datasets).

4.3 Retuning of the TOFD and SSO schemes

This first evaluation of the impacts of using the 4-dx SSO fields in the IFS motivated a retuning of certain
parameters in the SSO and TOFD schemes. The aim was to mitigate the deterioration in skill in the Trop-
ics found in both the deterministic and ensemble configurations, while maintaining the improvements in
the mid-latitude NH, and the closer match of the impact of the parametrized drag with that of the resolved
drag over the Middle East region.

The tuning consisted of reducing the strength of the form drag and enhancing the low-level flow blocking
drag. This was motivated by the fact the α coefficient in the TOFD scheme, which controls the strength
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of the form drag, is currently set to 35, while a value of 12 had been proposed in the original paper by
Beljaars et al. (2004). The coefficient α has been increased over time to optimise forecast skill. Histor-
ically, α and Cd (the coefficient which controls the strength of the flow blocking in the SSO scheme),
were increased from 27 to 35, and from 1.5 to 2, respectively, in IFS cycle 40r1 to alleviate the negative
impacts on forecast skill of a reduction of the turbulent diffusion in stable layers (Sandu et al. 2013).
This increase of the coefficients controlling the magnitude of orographic drag was motivated by the fact
that both the diffusion in stable layers and orographic drag affect the large-scale circulation in the NH
during winter, through their influence on surface stress. A reduction in surface stress associated with the
reduction of the turbulent diffusion maintained in stable conditions resulted in a marked (few percent)
increase in the root mean square error (RMSE) of the geopotential height in the NH midlatitudes during
winter throughout the medium-range. Compensating this decrease in surface stress through an increase
of the contributions to the surface stress of the TOFD and the SSO schemes helped overcome this deteri-
oration, and even led to an improved forecast skill in the NH throughout the medium-range (Sandu et al.
2014). In retrospect, the changes made in cycle 40r1 represented a repartition of the contributions to
surface stress due to various processes. At the time this repartition was purely made to optimise skill, in
the absence of any constraints on the drag processes or on their partition. As later shown by the WGNE
drag project, it resulted in IFS having much more stress due to TOFD and less stress due to the SSO
scheme than the MetUM (Sandu et al. 2016), and other models (van Niekerk et al. 2020).

The increase in orographic drag due to the use of the new 4-dx SSO fields allows us to reduce to some
extent the contribution of the TOFD scheme. A range of smaller values for α were trialed and ultimately
a value of 24 was selected based on a classical forecast skill optimization exercise. Even when using
the 4-dx SSO fields, a value of 12 for α , as initially proposed by Beljaars et al. (2004), still leads to a
deterioration of the forecast skill throughout the troposphere and stratosphere in the NH winter.

In parallel, the SSO code was cleaned to bring it closer to the original Lott and Miller (1997) scheme,
by removing certain arbitrary choices made over the years for some parameters or in the computations
of some levels. To compensate for a loss in forecast skill due to this code cleaning, the value of the Cd
coefficient in the blocked flow drag part of the SSO scheme was increased again from 2 to 3.

In summary, the SSO orographic drag was thus increased through the regeneration of the SSO fields to
include scales than the (4-dx) effective orographic resolution and through the cleaning and retuning of
the SSO scheme, while the turbulent orographic form drag was decreased. The final orographic drag
configuration evaluated hereafter, includes use of the 4-dx SSO fields, the cleaned SSO code, and the
revised values of α = 24 and Cd = 3. As shown in Figure 7, this configuration decreases the boundary
layer surface stress (given by the sum of the turbulent stress and TOFD stress) and increases the SSO
surface stress, bringing the IFS surface stress partition closer to that in the MetUM. In the NH midlati-
tudes, the final configuration also increases the total parametrized surface stress (by 4-8 %), but less than
when using only the 4-dx SSO fields.

The impact of the parametrized drag on zonal winds over the Middle East region obtained with the final
configuration looks broadly similar to that obtained when using only the 4-dx SSO fields (bottom ver-
sus middle row in Figure 2). Compared with the current configuration of the IFS, it better matches the
deceleration near the topography and in the stratosphere, seen in the km-scale simulations, while it over-
estimates more markedly the tropospheric deceleration, particularly at TCo79. The overestimation in the
final configuration at this lowest resolution will also become apparent in the next section when discussing
the atmospheric angular momentum budget. However, given that optimizing parameters in the different
drag schemes across resolutions is extremely difficult, especially since these schemes do not necessarily
behave well for a wide range of resolutions (van Niekerk et al. 2016, Vosper et al. 2016), our focus here
was on an improving performance at resolutions used operationally at ECMWF, i.e. resolutions beyond
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TCo319.

Figure 6 suggests that the final configuration mitigates, to a large extent, the deterioration in forecast
skill seen in the TCo639 SSO4dx runs in the Tropics and NH high-latitudes. In the next section, we will
present the results of an extensive performance evaluation of this configuration across resolutions and
timescales.
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Figure 6: Normalized difference in root mean square error (RMSE) of geopotential height between the
TCo639 forecasts using (a) the 4-dx SSO fields and (b) the final configuration and the control TCo639
forecasts for January 2015, at T+120 [hr]. The normalized difference in RMSE is defined as the differ-
ence between the RMSE of the sensitivity experiment and the RMSE of the control experiment divided
by the RMSE of the control. Statistically significant (≥ 95%) regions are hatched. Warm (cool) colours
indicate an increase (decrease) in RMSE in the experiments with modified orographic drag with respect
to the control.

5 Performance evaluation of the orographic drag revision

The performance of the final orographic drag configuration described above was evaluated for various
applications used at ECMWF. In this section, we first describe the experiments performed and then
discuss the results obtained for the different forecast and data assimilation configurations.

5.1 Experiments

The experiments performed with the final and control orographic drag configurations are summarised in
Table 1. Although two different versions of the IFS were used for the experiments discussed below, the
configurations of the turbulence, SSO and TOFD schemes are the same in these two cycles, which means
that the impacts of the changes to the orographic drag are very similar. While for operational forecasts
the IFS is coupled to an ocean and sea-ice model (NEMO and LIM2), most of the experiments performed
here (except for the medium-range ensemble experiments) were not coupled, to save computational re-
sources. A test in forecast-only mode has shown that, at least in ten-day forecasts, the impact of the drag
changes discussed here is similar in coupled and uncoupled mode (not shown).

Ten-day forecast experiments, initialized daily at 00UTC from the operational ECMWF analysis (forecast-
only experiments), were performed at various resolutions that are used in standard IFS applications.
TCo1279 and TCo639 are the resolutions used for operational high-resolution deterministic ten-day fore-
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Figure 7: Zonal averages of the magnitude of the total parametrized surface stress τtot [N/m2] (left) and
of its boundary layer (turbulent+TOFD, middle) and SSO (right) components, for TCo639 forecasts for
January 2015 using the control IFS configuration (black lines). Relative differences (%, right axis) in
the total stress and in its components between the experiments using the 4-dx SSO fields and the final
configuration for orographic drag and the control experiment are overlaid in red and green, respectively.
The stresses represent averages over the 31 forecasts and over the first 24 hours each forecast. The zonal
averages include only land grid cells and were smoothed using a 5 degree running mean. The lines
present gaps at ocean only latitudes.

casts and medium-range ensemble forecasts, respectively. TCo319 is the resolution used for operational
extended-range (days 15 to 46) and for seasonal forecasts (up to one year ahead). TCo199 and TCo399
are used for testing the impact of upcoming changes to the IFS on the extended-range forecasts, and on
data assimilation and ensemble forecasts, respectively.

Data assimilation experiments were performed at TCo399 due to computational constraints. Apart from
being at a lower resolution, these experiments mimic the set-up of ECMWF operational deterministic
ten-day forecasts. Ten-day forecasts are initialized each day at 00 and 12UTC from their own analyses.
In all data assimilation experiments, the outer loops of the four-dimensional variational data assimilation
are using cubic grids (in this case TCo399), while the inner loops are still using linear grids (in this case
TL95, TL159 and TL255, see Malardel et al. (2016) for a description of the cubic and linear grids). As
the SSO fields were changed to represent scales smaller than the effective orographic resolution (4-dx)
only for the cubic grids, this implies that in this experiment the new 4-dx SSO fields are only used in the
non-linear model integrations. Tests done to evaluate the impact of also changing the SSO fields for the
linear grids (to 2-dx) showed that this has a negligible impact on forecast performance (not shown).

The medium-range ensemble experiments are initialized from the operational ECMWF analysis. Due
to computational constraints, they are performed at TCo399 and with 8 members, while the operational
medium-range ensemble forecasts are performed at TCo639 with 50 members. The probabilistic perfor-
mance of the small ensemble is evaluated using a fair continuous ranked probability score (Ferro 2014).

Seasonal integrations are initialized from ERA5 (Hersbach et al. 2020) on November 1st, every year be-
tween 1998 and 2016. Again due to computational constraints, this first evaluation at seasonal timescale
was carried out in a cheaper configuration than that of ECMWF’s operational seasonal prediction sys-
tem SEAS5 (Johnson et al. 2019). These runs are uncoupled (sea surface temperature and sea ice are
prescribed), are shorter (4 instead of 7 months) and have less ensemble members (10 instead of 51) than
SEAS5. The horizontal and vertical resolutions are the same as those of SEAS5.
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Type IFS cycle Horizontal resolution Period

Forecast-only 45r1
TCo79 (150 km), TCo199 (50 km),
TCo319 (32 km), TCo639 (18 km),

TCo1279 (9 km)
Jan. 1st – 31st 2015

Data assimilation 46r1
TCo399 (25 km) (outer loops)

TL95 – 159 – 255 (inner loops) Dec. 1st 2018 - Jan. 31st 2019

Medium-range ensemble 46r1 TCo399 (25 km) Nov. 1st 2018 - Feb. 28th 2019

Seasonal prediction 46r1 TCo319 (32 km) 1st of Nov. 1998 – 2016

Table 1: List of experiments performed with the final and control orographic drag configurations. The
resolutions used in each experiment type differ from those in the operational configuration due to limited
computational resources. All experiments are performed with 137 levels on the vertical, except for the
seasonal experiments which are performed with 91 levels. The seasonal integrations are 4 months long
and are performed with 10 ensemble members.

5.2 Ten-day forecast-only experiments at various resolutions

The impact of the final orographic drag configuration in the forecast-only experiments at different reso-
lutions was assessed in terms of both the angular momentum budget and changes in forecast skill. This
assessment is presented in the next subsections.

5.2.1 Angular momentum budget

To explore how these these changes to the representation of the orographic drag affect the different terms
in the momentum budget, the momentum budget is analysed for the forecast-only experiments conducted
at the different resolutions. Given that the SSO and TOFD parametrizations represent the effects of
unresolved orographic scales, and that the resolved and unresolved components of the momentum budget
should increase and decrease, respectively, as resolution increases, the sum of the orography related terms
should be resolution independent. This basic constraint is assessed using the zonally averaged vertically
integrated relative angular momentum budget equation (Brown 2004, Sandu et al. 2019)
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+acosφ [τV]︸ ︷︷ ︸
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= 0 (8)

where mr = uacosφ is the relative angular momentum per unit mass, a is the Earth radius, φ is the lati-
tude, u is the zonal wind, v is the meridonal wind, ps is the surface pressure, f is the Coriolis parameter,
g is the gravitational constant, and λ is the longitude. τS, τT and τV are the surface stress terms from
SSO, TOFD and turbulence parameterization (VDF). The square brackets [ ] indicate a zonal average.
Mathematically, the sum of the left hand side of equation 8 should be zero. However, this is not neces-
sarily the case for a numerical model because of numerical computation errors. The sum of the terms on
the left hand side of the equation is in practice close to a small residual.

Figure 8 illustrates the different terms in the zonally averaged vertically integrated relative angular mo-
mentum budget equation at TCo639. In winter, the orography related terms (RESOLVED, SSO and
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TOFD in Figure 8) peak in the middle latitudes of the Northern Hemisphere because of the large moun-
tain chains such as Himalayas and the Rockies, resulting in a deceleration of the westerly atmospheric
flow. Note that a positive (negative) sign indicates a deceleration of westerly (easterly) flow due to
surface drag being exerted on the atmospheric flow. Also note that the residual is indeed close to zero.

In Figure 9, we examine how each of the orography related terms in the zonally averaged momentum
budget equation varies with resolution in the 40 to 50N latitude band, when the control and final oro-
graphic drag configurations are used in the forecast-only experiments from TCo79 to TCo1279. The
explicitly resolved torque (red) increases at high resolutions, as more scales of the orography become
resolved over this region, and it is very similar in the two orographic drag configurations.

Although both SSO and TOFD account for unresolved orographic effects, their resolution dependence is
quite different. The SSO torque decreases rapidly towards high resolutions, as expected, because more
of the orographic scales become resolved and less need to be parametrized. This resolution dependence
is in the Lott and Miller (1997) scheme by design, through the decrease in the standard deviation and
slope of the subgrid orographic features as the resolution increases. As discussed in van Niekerk et al.
(2020), van Niekerk and Vosper (2021), Vosper et al. (2019) and mentioned in the previous section,
the resolution dependency is much less pronounced for the gravity wave part of the scheme. Previous
studies have, however, shown this resolution dependence to be too strong for the blocking component
(Sandu et al. 2019, van Niekerk et al. 2016). In contrast, the TOFD torque should be fairly resolution
independent, given that it represents effects of orographic features with horizontal scales less than 5 km.
Figure 9 shows that, in practice, this is not the case. The TOFD torque increases slightly with resolution
from TCo319 to TCo1279, possibly due to the fact that an increasingly resolved orographic variability
leads to an increase in wind shear and speed (Beljaars 2020), which then translates to an enhanced form
drag. At TCo79, the TOFD and SSO torques are visibly smaller and larger, respectively, than at the other
resolutions, corroborating the results of Kanehama et al. (2019) that the two orographic drag schemes
may interact in an undesired way at this coarse resolution.

When compared to the control experiment (dotted lines) at the same resolution, the final configuration
(solid lines) shows an increase in the SSO torque (blue) because of the use of the 4-dx SSO fields and of
an increased blocked flow drag coefficient Cd . It also shows a decrease of the TOFD torque (green) due
to the smaller value of the α coefficient in the TOFD scheme and to a deceleration of the zonal winds
associated with the increased SSO drag (this is indicated by the decrease of the boundary layer term in
the SSO4dx runs, see Figure 7). The resolution dependence of the two terms does not seem to depend
on the choice made for the SSO fields and the parameters in the two schemes (dotted and solid lines are
parallel).

The total orographic torque (RESOLVED+SSO+TOFD) shows a fairly good resolution independence
from TCo319 to TCo1279 for both the control and the final orographic configuration. However, for
the final orographic drag configuration, the total orographic torque increases somewhat at the lowest
resolutions. This is likely related to the too strong resolution dependency of the blocking component of
the Lott and Miller (1997) scheme pointed out by previous studies (Brown 2004, Sandu et al. 2019, van
Niekerk et al. 2016). As explained in previous sections, this suggests that an optimization across this
entire range of resolution (9 to 150 km) is not straightforward.

5.2.2 Impact on forecast skill

As can be seen from Figure 10, the final orographic drag configuration improves medium-range forecast
skill in the NH for geopotential height and temperature from the lower throposphere to 50 hPa, at all
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Figure 8: Individual terms [Nm] in the zonally averaged vertically integrated relative angular momentum
budget equation for the control forecast-only experiments at TCo639 for January 2015, as follows: total
tendency (TEND; purple), SSO (blue), angular momentum flux convergence (AMFC; skyblue), TOFD
(green), turbulent diffusion (VDF; orange), resolved orography (RESOLVED; red) and Coriolis forcing
(CORIO; brown). The residual term is shown with black dots and the convection term is neglected due
to nearly zero values. Each term is averaged over 10-degree latitudinal bands and over the first 24-hour
of the ten-day forecasts, and its value is divided by 1018. The 40N to 50N latitude band for which the
resolution independence of the orography related terms is analysed in Figure 9 is indicated by the gray
shading.

resolutions above TCo79. Similar results are found for wind. As the resolution is increased, more
orographic features become resolved and less remain subgrid. One would therefore expect the impact of
any changes to the representation of subgrid orographic drag to be largest at the lowest resolutions and to
gradually decrease as the resolution increases. In the troposphere the skill improvement, as measured by
the RMSE change (Figure 10), decreases indeed as expected from TCo319 to TCo1279, but at the lowest
resolutions, it is either equal (TCo199) or smaller (TCo79) to the one obtained at TCo319. At TCo79,
the skill is even degraded slightly at some levels. These results may be due to the fact that at such low
resolutions the interaction between the TOFD and SSO schemes is not necessarily optimal as discussed
by Kanehama et al. (2019). The lack of improvement at TCo79 is also due to the fact that the drag is
overestimated in the troposphere at this resolution, as discussed above.

In the stratosphere, the impact is beneficial at all resolutions and is fairly resolution independent, apart
for the highest resolution (TCo1279). Note however that the changes in RMSE shown in Figure 10
are relative differences with respect to the control experiment, and the impact of the SSO scheme in the
control TCo1279 experiment is pretty small (top right in Figure 2). The 50 hPa temperature, geopotential
and winds are strongly affected by the gravity wave drag component of the Lott and Miller (1997)
scheme, and the weaker resolution sensitivity of the change in RMSE at this level is due to the weak
resolution sensitivity of the scheme discussed above and in van Niekerk and Vosper (2021), Vosper et al.
(2019).
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Figure 9: Orography related terms [N m] in the zonally averaged vertically integrated relative angular
momentum budget equation at various resolutions ranging from TCo79 to TCo1279. Values are averaged
over the 40 to 50N latitude band and over the first 24 hours of the forecasts performed for January 2015,
and are divided by 1018. Solid and dotted lines represent the forecasts performed using the control and
final orographic drag configurations. Different colours show different terms, as shown in the legend.

5.3 Data Assimilation Experiments

The final orographic drag configuration significantly improves forecast skill in the NH in the data assimi-
lation experiments in the short to medium-range. The improved skill in the short-range is well illustrated
by the better fit of the background forecasts (12 hours forecasts used as first guess in the data assimi-
lation cycles) to a range of observations (Figure 11). For example, improvements of up to 1 to 1.5%
can be seen in the lower troposphere against radionsonde winds and aircraft temperature observations,
respectively. A remarkable 3% improvement of the fit to surface pressure observations from Synop
stations is also found. This large impact on surface pressure is not surprising, given that surface drag
directly and rapidly impacts surface pressure (Sandu et al. 2016). The fit to radiosonde observations is
slightly degraded in the lower stratosphere, but this degradation does not persist throughout the short and
medium-range, apart from some degradation above 10 hPa north of 60N.

The final orographic drag configuration also results in statistically significant improvement in skill of the
geopotential height in the NH, from the beginning of the forecasts up to 3 to 5 days ahead (depending
on the height level) as illustrated in Figure 12. Similarly to what was seen for the forecast-only runs, the
RMSE of the geopotential height is improved from the surface to about 50 hPa, with the biggest skill
gain around 50 hPa. Similar results are found for winds and temperature (not shown). Some degradation
is seen for all variables above 50 hPa, and particularly above 10 hPa, north of 60N, in certain periods.
This does not seem to be related to sudden stratospheric events.

Since surface winds are one of the most important variables from a forecast user perspective, we also as-
sessed the changes in surface winds induced by the revised representation of the orographic drag. Even if
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Figure 10: Normalized differences in root mean square error (RMSE) of geopotential height (left) and
temperature (right) (%) between forecast-only experiments using the final and the control orographic drag
configurations at various resolutions: TCo79, TCo199, TCo319, TCo639, TCo1279 (spectral truncation
wavenumber indicated on the x-axis). The values are computed at a lead time of 120 hr over the NH.
The colours indicate different levels: red, blue, black and green for 50 hPa, 200 hPa, 500 hPa and 850
hPa, respectively. Negative values (where the background is coloured in light yellow) indicate a decrease
in RMSE, which indicates improved forecast skill in the experiments using the final orographic drag
configuration.

wind verification in mountainous regions is not straightforward, current evidence based on user feedback
and comparison with Synop observations suggests that the surface winds in the IFS are currently too
weak over orography. This can also be seen for the forecasts of the control data assimilation experiment
in Figure 13a. It appears that for this period, the mean 10m wind bias with respect to Synop observa-
tions is positive over flat land, and negative over the Alps and parts of Norway. When using the final
configuration, the 10m wind speed is slightly increased over these regions, partly mitigating the existing
bias.
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Figure 11: Normalized differences in standard deviation of observations minus background forecasts,
between the data assimilation experiments using the final and control orographic drag configurations for
December 2018 - January 2019. The different panels show different observations types: (a) wind speed
from radiosondes, (b) temperature from aircraft and (c) surface observations of winds from synop, buoys,
scatterometer (ASCAT), altimeter (JASON, CRYOSAT), of humidity from Synop and of pressure from
Synop and drifting buoys. Error bars indicate 95% statistically significant intervals. Values smaller than
100% indicate a reduction of the standard deviation in the final configuration with respect to the control
(the 100% line), and hence an improved fit to observations.
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Figure 12: Normalized differences in root mean square error (RMSE) of geopotential height (%) be-
tween the data assimilation experiments using the final and the control orographic drag configurations
for December 2018 - January 2019, for the NH and as a function of lead-time. Negative values indicate
a reduction in the RMSE when using the final configuration compared to the control experiment, and
hence indicate an improvement in skill. When error bars do not cross the zero line, the performance of
the final experiment is significantly worse/better (95% interval) than the control.
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Figure 13: (a) Mean 10m wind speed bias [m/s] against Synop observations for the control data assimila-
tion experiment. (b) Mean difference in 10m wind speed [m/s] between the final and control experiment
at the nearest model grid-point to the Synop observations. The forecasts values are at T+24 hr, and the
averages are performed over December 2018 - January 2019.
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5.4 Medium-range ensemble experiments

Figure 14 illustrates that significant improvements in skill are obtained in the NH, as well as more locally
over Europe and East Asia, when using the final instead of the control orographic drag configuration in
the medium-range ensemble experiments. The improvements are significant up to the medium-range,
i.e. that is to a lead-time of 4 to 7 days ahead, depending on the variable, region and level. The largest
improvements are in geopotential height, and they maximise in the lower to mid-stratosphere, similarly
to what was seen in the forecast-only experiments (Figure 6b). The changes in skill are consistent when
verified against operational analysis and observations, except for the first 24 hours when a deteriora-
tion can be seen for certain variables/levels/regions when verifying against own analysis. Given that the
ensemble is initialized both in the control and final orographic configuration experiment from the opera-
tional analysis, the verification at the very short-range (day 1 to 2) favours the control run which has an
orographic drag representation that is consistent with the one used to produce the operational analysis.
Verification against observations is therefore more reliable at these short-ranges. In the Tropics and the
Southern Hemisphere, changes in skill are relatively small compared to the Northern Hemisphere, which
is expected because the effects of mountains on the large scale circulation are known to be the largest in
the Northern Hemisphere winter.
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Figure 14: The summary of the differences in the fair continuous ranked probability score (fCRPS) for
the 8-member medium-range ensemble experiments between the final and the control orographic drag
configurations for the winter 2018/2019. Verified regions are the Northern Hemisphere (n.hem), Tropics
(tropics), Southern Hemisphere (s.hem), Europe (europe) and East Asia (e.asia) up to T+240 hr. Only
statistically significant values are plotted and the decrease (increase) in fCRPS in the experiment with
the final orographic drag configuration is coloured in green (brown). The suffixes “ an” and “ ob” on the
y-axis indicate verification against operational analysis and observations, respectively.
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5.5 Seasonal prediction experiments

The results of the seasonal experiments are analysed in terms of the ensemble mean biases with respect to
the ERA5 reanalysis, and the frequency of occurrence of atmospheric blocking events, for the December-
January-February period (that is for a lead time between 1 and 4 months ahead).

The control experiment shows a too strong and northwardly shifted mid-latitude tropospheric jet in the
NH (Figure 15a). As shown in Figure 15c the jet bias extends from the Pacific to the Atlantic. The
geopotential height at 500 hPa and the mean sea surface pressure are too weak over the high latitudes,
and too strong at lower latitudes in the NH (Figure 15e and g). These biases are consistent with too
little surface drag (Sandu et al. 2016, Williams et al. 2020). Not surprisingly, when the orographic, and
consequently the surface drag, is increased in the NH in the final configuration these biases are reduced.
The NH mid-latitude jet position is more accurate and the wind speed biases are reduced, particularly
over the Pacific and Atlantic (Figure 15b and d). The magnitude of the biases in geopotential height
at 500 hPa and in mean sea level pressure are also reduced (Figure 15f and h), albeit not completely
alleviated, their structure remains similar to that of the control experiment. Tests performed in a later IFS
cycle (47r1) and in a coupled configuration, for which the biases in the control experiment are smaller,
showed that the effects of the orographic drag changes are similar but of smaller amplitude (not shown).

The representation atmospheric blocking events on seasonal to climate timescales remains notoriously
difficult (Davini and D’Andrea 2020, Davini et al. 2021b). Recent evidence suggests that the deficiencies
in the representation of blocking events are related in part with an underestimation of the atmospheric
variability and with errors in mean state (Davini et al. 2021b). Several recent studies also suggested that
a better representation of orographic drag can result in an improved representation of blocking frequency
and duration (Davini et al. 2021a, Pithan et al. 2016, Williams et al. 2020). This suggests that the
changes to the orographic drag representation proposed here could lead to an improved representation of
the atmospheric blocking events in the seasonal integrations.

The frequency of atmospheric blocking events in the seasonal integrations with the control and final
orographic drag configurations, as measured by the Tibaldi-Molteni index (Tibaldi and Molteni 1990),
is shown in figure 16. The climatological blocking frequency shows three peaks, around 0◦ E (North
Atlantic blocking), 60◦ E (Ural blocking) and 180◦ E (Pacific blocking). The control experiment tends to
predict more eastward North Atlantic blocking and less frequent Pacific blocking compared to ERA5, and
shows a relatively good agreement for the Ural blocking. The underestimation of the blocking frequency
is a well documented deficiency of the operational seasonal prediction systems at ECMWF, including the
latest SEAS5 system (Davini et al. 2021b, Stockdale et al. 2018). Figure 16 suggests that the experiment
with the final orographic drag configuration leads to a better agreement with ERA5 in terms of both the
position of the North Atlantic peak, and the magnitude of the blocking frequency over the North Atlantic
and the Pacific. Although this result is encouraging, it requires to be corroborated through a more in
depth analysis based on experimentation with more ensemble members.

6 Conclusions

In this study, we revisited the representation of orographic drag in the ECMWF IFS. This revision relied
on two recently proposed approaches: the framework proposed in the WGNE/GASS COORDE project,
to constrain parametrized orographic low-level blocking and gravity wave drag by using km-scale sim-
ulations (van Niekerk et al. 2020), and a method to estimate the effective orographic resolution of a
numerical model. Here, the COORDE framework was first used to compare the parametrized drag in
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IFS, across a range of resolutions from 9 to 150 km, with the resolved drag from km-scale simulations
performed with the MetUM over the Middle East region. This comparison corroborated the results of
van Niekerk et al. (2018; 2020), Vosper et al. (2019), namely that the parametrized orographic drag in
the IFS is too weak in the stratosphere at all resolutions, and the tropospheric drag is overestimated at
the coarsest resolutions.

To alleviate these deficiencies, at least in part, the subgrid scale orography fields were reconstructed
to represent scales up to the effective orographic resolution rather than the grid-length, building on the
ideas of Vosper et al. (2016). The SSO fields were generated to represent scales smaller than 4-dx rather
than 1-dx, following the findings of Kanehama et al. (2019), that for the cubic discretization used for all
operational ECMWF forecasts, the effective orographic resolution is approximately 4 times the size of
the grid box. This change results in an increased standard deviation and slope of the subgrid orography,
and thereby stronger orographic drag, particularly due to low-level flow blocking. This change to the
SSO fields was combined with the removal of some unjustified choices made in the SSO scheme over
the years and with a rebalancing of the contributions of the TOFD and SSO schemes to low-level drag.
These changes bring the two schemes closer to their original design, eliminating some of the arbitrary
choices made during repeated tuning exercises over the years. In summary, the revised orographic drag
representation includes: the 4-dx SSO climate fields, a cleaner SSO code, a stronger flow blocking and a
weaker form drag.

The final orographic drag configuration results in an increased surface stress in the NH mid-latitudes
during winter. It also leads to a better agreement of the parametrized drag with the resolved drag from
the km-scale simulations over the Middle East region, apart for the coarsest resolution evaluated here
(150 km) which is not used for operational applications at ECMWF. At this coarsest resolution, the drag
exerted through the troposphere is too strong. The total orographic torque is fairly resolution independent
across the range of resolutions used for operational forecasts at ECMWF (TCo319 to TCo1279), although
it becomes less so at the coarsest resolutions with the final drag configuration. As also discussed in
Kanehama et al. (2019) this undesired behaviour at resolutions larger than 100 km may be due to an
suboptimal interaction of the TOFD and SSO schemes at these resolutions.

The revised orographic drag representation was evaluated in a range of configurations used for various
applications at ECMWF. The evaluation spanned different resolutions, from TCo319 to TCo1279, and
timescales, from hours to a season ahead. Medium-range forecast skill is improved in the NH win-
ter throughout the troposphere, and particularly in the stratosphere, both in deterministic and ensemble
forecasts. The largest improvements were found in geopotential height, though winds and temperature
are also improved. The fit of short-range forecasts to observations in the data assimilation window is
also improved, particularly against aircraft, radiosondes and surface pressure observations. The im-
provements due to the revised orographic drag configuration are expected to be smaller at the higher
resolutions used for operational deterministic (TCo1279) and ensemble forecasts (TCo639) than in the
TCo399 experiments discussed here (because more orographic scales are explicitly resolved and less
scales are parametrized). In the experiments performed here, mean aspects of the NH winter circulation
(mid-latitude jet strength and position, surface pressure, geopotential height), as well as atmospheric
blocking are also improved at seasonal timescale. Given the large variability during NH winter, robust
statistics are needed to assess circulation changes here. These results, therefore, require corroboration
using experiments using more ensemble members. Nonetheless, the optimization of orographic drag
parametrizations using the COORDE framework was thus proven to be a promising approach for improv-
ing the representation of orographic drag in a numerical weather prediction system and for improving
forecast skill.
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Figure 15: Ensemble mean bias with respect to ERA5 of the seasonal integrations performed with the
control (left) and final orographic drag (right) configurations, averaged over DJF 1998 to 2016. From
top to bottom: (a,b) zonal mean zonal wind [m/s], (c,d) zonal wind at 200 hPa (U200) [m/s], (e,f)
geopotential height at 500hPa (Z500) [m] and (g,h) mean sea level pressure (MLSP) [hPa]. Dots indicate
regions where the differences between the ensemble mean and ERA5 are statistically significant (using
a 95% threshold).
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Figure 16: Frequency of occurrence of blocking days in the Northern Hemisphere, measured with the
Tibaldi-Molteni index for ERA5 (black) and for the seasonal integrations performed with the control
(blue) and final orographic drag configuration (red). The blocking frequency is averaged over December-
January-February 1998–2016. The grey shading indicates 95% confidence intervals for ERA5 derived
from a t-test.
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