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Abstract The parametrization of orographic drag processes is a major source of circulation uncertainty
in models. The COnstraining ORographic Drag Effects (COORDE) project makes a coordinated effort to
narrow this uncertainty by bringing together the modeling community to: explore the variety of orographic
drag parametrizations employed in current operational models; assess the resolution sensitivity of
resolved and parametrized orographic drag across models; and to validate the parametrized orographic drag
in low-resolution simulations using explicitly resolved orographic drag from high-resolution simulations.
Eleven models from eight major modeling centers are used to estimate resolved orographic drag from
high-resolution (km-scale) simulations and parametrized orographic drag from low-resolution simulations,
typically used for seasonal forecasting (~40 km) and climate projections (~100 km). In most models,

at both seasonal and climate resolutions, the total (resolved plus parametrized) orographic gravity wave drag
over land is shown to be underestimated by a considerable amount (up to 50%) over the Northern and
Southern Hemisphere and by more than 60% over the Middle East region, with respect to the resolved
gravity wave drag estimated from km-scale simulations. The km-scale simulations also provide evidence
that the parametrized surface stress and the parametrized low-level orographic drag throughout the
troposphere are overestimated in most models over the Middle East region, particularly at climate
resolutions. Through this process-based evaluation, COORDE provides model developers new valuable
information on the current representation of orographic drag at seasonal and climate resolutions and the
vertical partitioning of orographic low-level and gravity wave drag.

Plain Language Summary Numerical models used for seasonal, climate, or ensemble
atmospheric predictions typically cannot resolve mountains with horizontal scales less than a few tens to
hundreds of km, which are known to affect the accuracy of these models. As a result, their impacts on the
winds, known as drag, are accounted for using simplified theory and approximations, which contain
many uncertainties. This work sets out to investigate these uncertainties by comparing these approximations
of the drag across several atmospheric models to the drag directly modeled in high-resolution simulations,
in which more of the effects of mountains on the atmospheric flow are explicitly resolved. Results show
that, in many of the models considered, the approximated mountain drag is underestimated in the upper
part of the atmosphere but overestimated in the lower part of the atmosphere.

1. Motivation

Currently, short to medium range (up to 10 days) regional and global numerical weather predictions (NWP)
are being performed using fine horizontal grid spacings of ~1-10 km. The atmospheric circulation is much
better represented in these high-resolution simulations than with coarser grid spacing (tens to hundreds of
km). Several studies have shown that the improvement in circulation, particularly over the Northern
Hemisphere (NH) during winter, comes predominantly from the fact that the orography is better resolved
(e.g., Berckmans et al., 2013; Kanehama et al., 2019). At these resolutions, important orographic effects
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become resolved, and there is a lesser need to parametrize them. For example, resolving increasingly smaller
orographic scales results in enhanced generation of gravity waves, which can propagate vertically, grow in
amplitude, and have a significant nonlocal impact on the large-scale circulation in the stratosphere and mid-
dle atmosphere (Fritts & Alexander, 2003). The stratosphere is now well known to be important for
medium-range weather prediction, seasonal forecasting and climate projections (Butler et al., 2019), and oro-
graphic gravity waves play a significant role in its accurate representation (Alexander et al., 2010). Better
resolved orography also leads to a better representation of the low-level flow across mountains and valleys
(Vanniére et al., 2019) and, more generally, of the large-scale circulation throughout the atmosphere
(Kanehama et al., 2019).

Global circulation models also continue to be used across a range of resolutions for many applications, span-
ning multiple time scales. Given the elevated computing costs associated with long integration times and the
requirement for large ensemble sizes, simulations for subseasonal to seasonal forecasting and climate projec-
tions are performed at relatively coarse horizontal grid spacing (~20-150 km). At these resolutions, the
model dynamics cannot accurately represent effects from orography at horizontal scales smaller than 3 to
8 times the grid spacing. Orographic drag parametrizations must therefore be used to represent the effects
of unresolved orographic features on the atmospheric flow. Orographic drag parametrizations for processes
such as gravity wave drag, low-level flow blocking, or turbulent orographic form drag have been shown to be
key for model accuracy in the troposphere and stratosphere across time scales (see Sandu et al., 2019 and
references therein). However, the representation of unresolved orographic drag processes within models
remains uncertain (Sandu et al., 2019) due to the lack of observational or theoretical constraints on oro-
graphic drag within the troposphere and in the lower stratosphere at global or even at local scale.

Due to the lack of constraints and the importance of orographic processes for circulation, many of the
choices made in the representation of unresolved orographic drag processes are the result of repeated tuning
exercises aimed at improving forecast skill or model climate fidelity (Hourdin et al., 2017; Mauritsen
etal., 2012; Williams et al., 2020). These choices include, but are not limited to: the processes which are para-
metrized: the setting of uncertain parameters within the parametrization schemes; and the degree of filter-
ing of the mean orography, or how to derive subgrid-scale orographic fields. In recent years, community
efforts have focused on narrowing the uncertainty in the representation of orographic drag processes in
models through dedicated activities within the Working Group for Numerical Experimentation (WGNE)
of the World Meteorological Organization and through a series of studies targeted at answering open ques-
tions related to these processes. A catalyst to this was the WGNE Drag project (Zadra et al., 2013), which
demonstrated that, at global NWP resolutions (10-20 km), operational models differ in their total parame-
trized subgrid surface stress, particularly over land and especially over orography, but also in their partition-
ing between different drag processes. Consequently, processes such as turbulent drag over vegetative or
urban canopies, turbulent orographic form drag over orographic features with scales smaller than 5km,
and low-level flow blocking and gravity wave drag associated with orographic features with scales larger
than 5km are being used interchangeably. Another WGNE effort later demonstrated that a considerable
part of the intermodel differences in parametrized orographic surface stress is due to choices made in the
filtering of resolved orography and derivation of subgrid orographic fields (Elvidge et al., 2019). In parallel,
a series of studies revealed that intermodel differences in drag partitioning between different processes
(partly the result of repeated tuning exercises) significantly affects the large-scale circulation over the NH
(Pithan et al., 2016; Sandu et al., 2016) and the circulation response to climate change (van Niekerk
etal., 2017). Further work also showed that, for at least a couple of models, the change in resolved orographic
drag is not accurately balanced by the change in parametrized orographic drag when horizontal resolution is
varied (Sandu et al., 2019; van Niekerk et al., 2016; Vosper et al., 2016, 2019). This is a key requirement for
ensuring that circulation remains robust across resolutions, so that a model can be used seamlessly for a
range of applications. Given the aforementioned findings, uncertainty in orographic drag processes is likely
to be a major contributor to the intermodel spread in circulation (Shepherd, 2014).

A number of questions related to the representation of orographic drag processes still remain open. In par-
ticular, how do parametrized surface stresses differ between models at lower resolutions used for seasonal
forecasting and climate projections? Do intermodel differences in drag partitioning result in differences in
the vertical and regional distribution of drag? Can we get a better handle on parametrized orographic drag
and on its partitioning between different processes from high-resolution simulations, rather than rely on
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repeated tuning exercises? Is the poor handover between resolved and parametrized orographic drag when
the resolution is varied a common feature for several models?

These questions have motivated the COnstraining ORographic Drag Effects (COORDE) project, which takes
place under the auspices of WGNE and Global Atmospheric System Studies (GASS). COORDE aims at
further narrowing the uncertainties in the representation of orographic drag processes by coordinating the
modeling community efforts to address some of the related open questions listed above. This is done by apply-
ing the approaches and techniques of van Niekerk et al. (2018) and Vosper et al. (2019) to a wider number of
models from several operational modeling centers. In these previous studies, high-resolution (km-scale)
simulations that explicitly resolve orographic low-level blocking and gravity wave effects to a large extent
were used to evaluate the representation of orographic drag and its impacts on circulation in two operational
models, that is, the Met Office Unified Model and the Integrated Forecasting System of the European Centre
for Medium-Range Weather Forecasts (ECMWF). The accuracy of such km-scale simulations has been
demonstrated using satellite-derived global observations of gravity waves in the stratosphere (Holt et al., 2017;
Stephan et al., 2019), and employing them to constrain orographic drag processes constitutes one of the ave-
nues outlined by Sandu et al. (2019) for reducing uncertainties in the representation of these processes.

COORDE uses coordinated simulations performed with 11 models spanning eight major modeling
centers. Simulations are performed both at low resolutions, in which drag processes need to be parametrized
(i.e., resolutions typically used for climate projections and seasonal forecasting) and at high (km-scale)
resolutions, in which low-level flow blocking and gravity waves are largely resolved so that any remaining
parameterized effect is significantly smaller than at low resolution.

The distinct aims of COORDE and this study are, thus, the following:

(i) Take stock of the variety of different orographic drag parametrizations employed in current operational
models: Implications of the choices made in representing orographic drag at low resolutions can be
understood by comparing the vertical and horizontal distributions and diurnal cycles of the parame-
trized drag and surface stresses across the models.

(ii) Explore the resolution sensitivity of the resolved and parametrized orographic drag: The handover
between resolved and parametrized orographic drag as the resolution is varied is ascertained for the dif-
ferent models by comparing them at climate and seasonal forecasting resolutions.

(iii) Compare the parametrized orographic drag with explicitly resolved orographic drag from high-resolution
simulations: High-resolution simulations are used to evaluate the parametrized orographic drag and its
partition between low-level drag effects and vertically propagating gravity wave drag in low-resolution
simulations.

COORDE's experimental design, the participating models, and their orographic drag parametrizations are
described in section 2. Section 3 then discusses the global distribution of resolved and parametrized oro-
graphic drag in the participating models, while section 4 focuses on a particular region of complex orogra-
phy, namely, the Middle East (ME) region. For this region, the high-resolution simulations are used to
perform a process-based evaluation of the parametrized orographic drag in the low-resolution experiments
and to infer information about its partitioning between low-level drag and gravity wave drag. Conclusions
are drawn in section 5.

2. Methodology

Results from simulations performed following the experimental protocol in section 2.2 were submitted by
eight major operational modeling centers using 11 different models. The models are summarized in
Table 1, along with their nominal grid spacing for each experiment, choice of initializing analysis, and rele-
vant references. To address the first aim of this study, we begin by describing the different orographic drag
parametrizations used in the models.

2.1. Orographic Drag Parametrizations

The last column of Table 1 lists the subgrid orographic drag processes, along with references to the particular
parametrization schemes that are employed in the models. Within this set of models, there are a number of
ways in which the subgrid orographic drag is represented. The orographic drag can generally be separated
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into that from vertically propagating hydrostatic gravity waves and low-level orographic drag processes. The
vertically propagating gravity waves deposit momentum predominantly within the stratosphere and middle
atmosphere, while the low-level orographic drag processes act to decelerate the flow within the troposphere
in the vicinity of topography. It is worth noting that other nonorographic elements of the Earth's surface,
such as urban or vegetative canopies, also apply drag at low levels over land. These are often treated using
Monin-Obukhov similarity theory with roughness lengths derived from land cover data (Garratt, 1994).
The uncertainties in these parametrizations, as well as the land cover data itself, are also large, and turbulent
drag can, therefore, be used as a surrogate for low-level orographic drag and vice versa (Williams et al., 2020).

The drag from vertically propagating hydrostatic orographic gravity waves is the only component that is
employed in all of the participating models. The models use similar expressions for the gravity wave surface
stress, based on linear theory of a monochromatic wave (at horizontal scales of > ~5 km) being generated
over idealized topography, and most, excluding GSM1705 and GDPS, include some aspect of anisotropy of
the subgrid orography. The treatment of wave breaking and saturation of the vertically propagating gravity
waves is somewhat different between the models. For example, IFS, ICON, KIM, and FV3GFS employ a
Richardson number wave saturation criterion (described in, e.g., Palmer et al., 1986), whereas, the UM,
GDPS, ARPEGE, and GSM1705 employ an amplitude-based saturation criterion (as described in
McFarlane, 1987). The ARPEGE model also accounts for nonlinear gravity wave effects, such as resonance
and reflection (Roehrig et al., 2020).

The models differ more in their approach to low-level drag, likely due to the fact that these processes are
nonlinear, can involve several co-occurring processes, and are difficult to observe and, therefore, to con-
strain. Low-level drag encompasses processes such as orographic low-level flow blocking, vertically
trapped orographic waves, and turbulent drag, both from small-scale orographic features (turbulent oro-
graphic form drag) and from land-cover. All but one of the models, namely, JMA's GSM1705, employ an
orographic low-level flow blocking parametrization. One of the first orographic low-level flow blocking
drag parametrizations was introduced by Lott and Miller (1997) and is the basis for most of the schemes
listed in Table 1. The formulation of this component of the orographic drag scheme is such that the depth
of orographic flow blocking and the mountain wave amplitude is determined by a low-level Froude num-
ber. If the flow is too weak (or the flow is very stable and vertical displacement is suppressed) and is not
able to go over the mountain to generate gravity waves, it is instead deflected around it. Within the vertical
layer over which the flow is blocked, a bluff body drag is applied. With the exception of ARPEGE and
GDPS, parametrizations that include a low-level flow blocking component are generally coupled to the
vertically propagating component by limiting the amplitude of hydrostatic gravity waves when the flow
is blocked.

Two of the models (GSM1705 and KIM) additionally employ a parametrization which accounts for drag due
to nonhydrostatic gravity waves. This accounts for drag from vertically trapped waves generated by flow over
topography that typically have horizontal scales ~10 km, although in theory, trapping of waves is dependent
on the flow conditions (i.e., through the Scorer parameter Crook, 1988). These schemes use the same expres-
sion for the nonhydrostatic as that of the hydrostatic wave surface stress but include some enhancement or
scaling factor for the nonhydrostatic gravity wave stress. These waves are assumed to dissipate and deposit
momentum at low levels.

Turbulent form drag from small-scale orography (typically horizontal scales of < ~5km) is also parame-
trized in several of the models, with some of them employing an effective roughness parametrization in
which the vegetative roughness length is increased to represent the effects of subgrid orography (Wood &
Mason, 1993) and others using an explicit vertical profile of the orographic stress (Beljaars et al., 2004;
Wood et al., 2001). Throughout the manuscript, we use the terms parametrized orographic drag or SSO to
refer to drag from subgrid-scale orographic low-level flow-blocking, low-level gravity wave breaking, and
hydrostatic gravity wave drag, which are largely resolved in the km-scale simulations. We use BL to refer
to turbulent orographic form drag and momentum fluxes over various land types within the boundary layer,
which are parametrized in the low- and high-resolution simulations. Envelope orography is also employed
in the ARPEGE model and acts to increase the volume of the resolved orography as a means of representing
the blocking drag from unresolved orography (see Wallace et al., 1983) and thus is represented through the
model dynamics.
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Table 2

Summary of Experiments

Experiment name Description

LR CTL Low-resolution (~100 km) control experiment with subgrid-scale orographic drag on

LR NOSSO Low-resolution (~100 km) control experiment with subgrid-scale orographic drag off

MR CTL Middle-resolution (~40 km) control experiment with subgrid-scale orographic drag on
HR CTL High-resolution (~1.8 — 10 km) control experiment with subgrid-scale orographic drag off
HR LROR High-resolution (~1.8 — 10 km) control experiment with

subgrid-scale orographic drag off and low-resolution mean orography

Note. Refer to section 2.2 for further details.

The orographic processes accounted for in the models overlap to some extent, and many models use the Lott
and Miller (1997) scheme as a basis for their low-level flow blocking formulation. However, the implemen-
tation of the orographic drag schemes (including Lott & Miller, 1997) also depends on many subjective
choices, such as the tuning of uncertain parameters, the partitioning between different drag processes or
flow regimes, and the vertical averaging of input variables. Moreover, the representation of parametrized
orographic drag depends not only on the parametrizations themselves but also on the description of the sub-
grid orography fields and the grid-box mean orography (Elvidge et al., 2019). To aid interpretation of results
presented here, a reference to detailed technical descriptions of the implementation of the schemes in each
model, where available, is also included in Table 1.

2.2. Experimental Design

COORDE's experimental design is similar to that described in van Niekerk et al. (2018) but is reiterated here
for clarity. A series of experiments was designed to evaluate the parametrized orographic drag at climate
(~100 km) and seasonal forecasting (~40km) resolutions using high-resolution (1.8-10km) global and
regional simulations. Since we are interested in relatively fast processes and in attributing errors that are
local to the orography, short-range forecasts initialized from analyses are performed. A set of fourteen
24-hr forecasts were produced for each of the experiments summarized in Table 2 from the models listed
in Table 1. The 14 forecasts were initialized from the analyses listed in Column 1 of Table 1 at 00Z each
day from 1-14 January 2015. A number of 14 forecast start dates was chosen to keep computational costs
at a minimum for the participating modeling groups while also providing a large enough set to gauge sys-
tematic effects.

The abbreviations and a description of each experiment, given in Table 2, is described here. The nominal
horizontal grid spacing used for the experiments are given in the third column of Table 1: LR indicates
“low resolution” (~100 km); MR indicates “middle resolution” (~40 km); and HR indicates “high resolu-
tion” (1.8-10 km). These grid spacings are values taken within the midlatitudes and, vary globally depending
on the choice of model grid. Experiments LR CTL and MR CTL are global simulations performed with the
standard configuration of each model. Comparing the LR CTL and MR CTL simulations allows us to assess
the resolution sensitivity of the resolved and parametrized orographic drag.

The LR NOSSO experiments are the same as LR CTL but with the subgrid-scale orographic (SSO) drag from
orographic processes such as flow blocking, low-level gravity wave breaking, and hydrostatic gravity wave
drag turned off. Note that turbulent boundary layer (BL) drag is left on in all the experiments. The impact
of parametrized orographic drag on the circulation (on zonal wind) at low resolution can be deduced by dif-
ferencing the sets of experiments LR CTL and LR NOSSO.

In order to determine the implications of using different model configurations for resolved orographic drag,
we use a number of high-resolution simulations. This multimodel ensemble of high-resolution simulations
allows us to assess the robustness of the resolved orographic drag to resolution, dynamical core, and physics.
If there is little difference between the resolved drag obtained from the high-resolution simulations per-
formed with the different models, this would support the use of such simulations in validating parametrized
orographic drag at lower resolutions. Since it is computationally expensive to perform global simulations at
horizontal grid spacings of 1.8-3 km with several models, some HR simulations were performed only over
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the ME region, extending from 20.0-50.0°N and from 28.0-68.0°E. The ME region was chosen due to its
complex orography and its position relative to the midlatitude jet, which makes it dynamically important.

The model setup for the HR CTL experiments is the standard configuration of each model but with the SSO
turned off while BL effects still remain active. Since all the high-resolution models employ parametrized oro-
graphic drag in their operational NWP configuration, this setup is likely to degrade forecast scores. As dis-
cussed in van Niekerk et al. (2018), this choice was made to minimize interactions between the resolved
drag and the parametrized orographic drag. The experiments HR LROR are identical to HR CTL except that
the high-resolution model orography is replaced with a low-resolution orography. The low-resolution oro-
graphy was generated by linearly regridding the mean orography from the global LR CTL onto the HR
CTL grid. As proposed by van Niekerk et al. (2018), the impact on the flow from resolved orographic
low-level drag and gravity wave drag (which should be parametrized in the LR CTL experiment) can be
deduced by taking the difference between the HR CTL and HR LROR experiments. For some of the model-
ing centers, namely, Environment Canada, NOAA, and Météo-France, a different model is used for the
low-resolution and high-resolution simulations. Except for a few resolution-dependent parameters, the
atmospheric model sets of GDPS/RDPS and ARPEGE/AROME share the same dynamical-core configura-
tion and (mostly) the same set of physical parametrizations. While the model configurations differ between
FV3GFS/WRF-ARW, these high-resolution simulations are intended to provide further indication of the
intermodel spread in resolved orographic drag.

By comparing the impact of parametrized orographic drag across the models, we can determine how the
variety of parametrizations listed in Table 1, their implementation, and the intermodel differences in the
subgrid orography fields affect the modeled flow. Then, by comparing the impacts of the resolved orography
with those of the parametrized orographic drag, we can determine how credibly orographic effects on the
flow are represented at climate and seasonal resolutions.

2.3. Diagnostics

As well as the circulation impacts (on the zonal wind) from resolved and parametrized orographic drag, rele-
vant components of the zonal momentum budget are used to validate and compare output from the parame-
trizations. Two commonly used diagnostics that are produced by drag parametrization schemes and that can
be computed from high-resolution simulations are the zonal wind surface stresses (vertical flux of zonal
momentum at the surface) and vertical profiles of the deceleration of the zonal winds (the drag). The rela-
tionship between vertical flux of zonal momentum and deceleration is given by

du(z)  101(z)
it p oz ®

where u is the mean zonal wind averaged over a particular area, p is density, 7(z) is the vertical flux of
zonal momentum, and z is altitude above sea level. The surface stress from parametrized boundary layer
turbulence is denoted by 757, and includes contributions from the turbulent mixing and orographic form
drag within the boundary layer. The surface stress from parametrized subgrid-scale orographic drag is
denoted by 7550 and includes the stress from the orographic low-level flow blocking, vertically propagating
gravity waves, and low-level wave breaking (depending on the model parametrizations). The vertical pro-
files of the parametrized zonal wind drag from the boundary layer turbulence and subgrid-scale oro-

graphic drag within the troposphere are denoted by %‘BL and respectively. Away from the

du
dtsso
boundary layer, the parametrized drag is dominated by the vertically propagating gravity wave drag

(GWD), which is denoted by 4. . Note that %~ & o

on 16 pressure levels ranging from 1,000 to 10 hPa. Both the parametrized surface stresses and zonal wind
drag were output as 6-hourly means.

is part of The zonal wind drag was output

To compare the total (resolved plus parametrized) orographic drag from the low-resolution simulations with
the resolved orographic drag from high-resolution simulations, we also compute the resolved surface stres-
ses and gravity wave drag in the free atmosphere in the UM and IFS. The resolved surface stress calculation
follows the method described in Smith et al. (2005) and Vosper et al. (2019) using
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Figure 1. Zonal mean parametrized zonal surface stress (land only) in LR CTL experiments from (a) low-level flow
blocking and orographic gravity wave drag (zssp), (b) turbulent friction and turbulent orographic form drag (zgr),
and (c) their sum. Note that only the sum of 757, + 7550 is shown for GSM2003.

tus(z = 0) = A7 a(p. ~ B.) A, y)asdy, @

where z = 0 denotes that the quantity is computed at the Earth's surface, the height of which varies long-
itudinally and latitudinally and is given by h(x,y). A is the domain area, such as a hemisphere or geogra-
phical region, over which the quantity is integrated. The surface pressure perturbation p+’ is defined as the
surface pressure (p,) after the removal of the standard atmospheric pressure:

h(x, y)\ ¥
Pszd:l’o(l—%> ; 3

where p, = 101324 Pa is the standard atmospheric pressure at mean sea level, Ty = 288.15K is the refer-
ence temperature, y = 0.0065 Km™' is an assumed constant temperature lapse rate in the troposphere,
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Figure 2. Area-averaged parametrized zonal surface stress (land only) over different latitude bands, as indicated by titles.
TBL, Tsso, and their sum are shown, as indicated by the legend, for LR CTL and MR CTL. Solid and dashed vertical

lines are the mean and standard deviation, respectively, of the total parametrized stress (7gy, + Tss0) across the models in
LR CTL and MR CTL. Note that only the sum of tg;, + 550 is shown for GSM2003.
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Figure 3. Area-averaged gravity wave zonal wind drag over (a, c, e) the Southern Hemisphere and (b, d, f) the Northern
Hemisphere stratosphere from (a-d) parametrized gravity wave drag in all the models and (e, f) resolved/total gravity
wave drag in the UM and IFS. Panels (a) and (b) show LR CTL models, and panels (c) and (d) show MR CTL models.
In panels (e) and (f), model resolutions are indicated by the legend, where total is the sum of the resolved and
parametrized gravity wave drag.

g =9.81ms™2 is the acceleration due to gravity, and R = 287.05 m?*s™ K"
The overbar in Equation 2 represents the spatial mean over the domain A.

is the gas constant of dry air.

The resolved gravity wave momentum fluxes are computed using

Tris(2) = A" [ [ apou' w'dxdy. )

The perturbation velocities (u’, v/, and w’) are derived using the method described in Kruse and
Smith (2015), whereby a high-pass filter is applied in spectral space to remove horizontal scales larger than
~1,600 km. For regional momentum fluxes, the fields are detrended (via a linear planar fit) prior to high-pass
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filtering. The background density field (o,) is determined by low-pass filtering the density field (removing
scales smaller than 1,600 km). The resolved surface stress and momentum fluxes were computed from
6-hourly instantaneous values of p,., u, w, and p, and the gravity wave drag is then computed via (1).

3. Global Drag Distribution

3.1. Surface Stress

To compare the COORDE simulations, which are performed at climate and seasonal resolutions, to those in
the WGNE Drag Project, which were at global NWP resolutions (~ 16 km), we begin by looking at the global
distribution of the parametrized surface stress in the LR CTL and MR CTL experiments. Figure 1 shows the
time-mean zonal-mean parametrized surface stress from the subgrid-scale orographic drag (zsso), the
boundary layer turbulent drag (zgy), and the sum of the two in LR CTL over land points only. This is com-
parable to Figure 3 of Sandu et al. (2019), but here we are considering simulations at much lower resolutions
and over a different time period. Consistent with the results from the WGNE drag project, models with rela-
tively less 7550 over land tend to have more 7p;. The similarity in the total zonal mean parametrized surface
stress is likely the result of repeated tuning exercises performed by each modeling group to minimize forecast
errors in certain variables like mean sea level pressure, geopotential height, or surface winds, which are sen-
sitive to surface drag and are key indicators for the large-scale circulation (Williams et al., 2020).
Nonetheless, the models do still have quite large differences in their total parametrized surface stress over
land, with a spread of about 0.05 Pa, approximately a third of the multimodel mean total, over the NH mid-
latitudes. The differences in the total parametrized surface stresses are largest between 25°N and 50°N due to
the difference in the latitudinal distribution of 75, and 750, since 7p;, maximizes at higher latitudes com-
pared with 7sso.

The partitioning into 7550 and tp;, over particular latitudinal bands, and their sensitivity to resolution, is
shown in Figure 2. The model with the largest (and the smallest) total parametrized surface stress is different
for each latitude band. This indicates that it is not a simple global scaling factor that controls the differences
between the models but, instead, some regionally dependent features, such as stability or wind dependence
of the schemes, the description of the subgrid orography, or land properties. For example, Elvidge et al. (2019)
found that an important factor controlling the intermodel spread in 7gso are the subgrid orographic fields
used in the parametrization schemes, which will be highly dependent on the particular orographic region.
Since the subgrid orographic fields depend on the mean orography, another factor that may lead to differ-
ences between the model parametrized stresses across regions is the type of grid used for each model and
how its resolution varies with latitude.

In the NH high latitudes, the total parametrized surface stress over land is very much dominated by 7550, as
opposed to 7pr, whereas the Southern Hemisphere (SH) high latitudes have a relatively equal contribution
from both. This could be due to the fact that there are more large-scale mountains in the NH. In the NH sub-
tropics and midlatitudes, the total parametrized surface stress varies by about 20% of the multimodel mean
total parametrized stress, and its partitioning into tz; and tgsso varies greatly. GDPS, ICON, UM, and
FV3GFS have larger 7550, while IFS, GSM1705, KIM, and ARPEGE have much larger 75, between 25°N
and 60°N.

Comparing LR CTL and MR CTL, one sees that the total parametrized surface stress generally decreases as
the resolution is increased. This change with resolution is dominated by 7gso as opposed to ;. This is an
expected result since the SSO schemes account for orographic drag from orography with scales between
~5km and the model grid scale, whereas the BL schemes account for turbulent drag and turbulent oro-
graphic form drag from features with horizontal scales smaller than ~5 km. When the resolution is increased
from 100 to 40 km, the subgrid orography reduces because the grid-box mean orography increases, but the
turbulent BL processes remain completely unresolved at both resolutions. 7z, does vary a little with resolu-
tion, but it could be argued that it increases at higher resolution in response to the reduction in zgso.
Specifically, when 7550 decreases with increasing resolution, the surface winds may increase, leading to lar-
ger 7y Because the resolution sensitivity is mostly from the SSO schemes, regions that are dominated by the
SSO parametrization, such as the NH middle to high latitudes, also see a larger resolution sensitivity in their
total parametrized surface stress. GSM1705 and KIM (over 25-60°S and 0-25°S only) are the only models
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Figure 4. Resolved gravity wave drag at 70 hPa in global IFS HR CTL and UM HR CTL and parametrized gravity wave
drag in LR CTL from all the models, as indicated by the titles. The parametrized gravity wave drag has been filtered
using a low-pass filter with a length scale of 1,600 km, so as to make it comparable to the resolved gravity wave drag.
Solid and dashed black contours separate positive and negative values, respectively.
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that show an increase in 7550, and therefore the total parametrized surface stress, when the resolution is
increased. The partitioning and resolution sensitivity of the SSO and BL schemes (or their underlying sub-
grid orography and land fields) varies from region to region, a fact that needs to be considered when tuning
or reformulating the parametrization schemes.

3.2. Gravity Wave Drag

‘What matters for the circulation is not only the regional distribution of the parametrized surface stress and its
resolution sensitivity but also how it is distributed in the vertical, particularly since the orographic drag
scheme includes a nonlocal vertically propagating gravity wave drag component. The vertical profiles of
the parametrized gravity wave drag over the NH and SH stratosphere in LR CTL and MR CTL are shown
in Figures 3a-3d. Over the NH, the spread in the gravity wave drag across the LR CTL models is large, but
most models have a maximum just above the midlatitude jet (i.e., 70 hPa), where the waves are likely to break
due to reduced windspeeds and density. The models do have some disagreement in the vertical distribution of
gravity wave drag at higher altitudes (above 30 hPa), perhaps due to having different saturation criterions and
different descriptions of subgrid mountain orientations or amplitudes. There are some notable outliers. In
particular, GSM1705, GSM2003, and ICON have a larger maximum gravity wave drag magnitude (~ —0.2
to —0.3 ms~*day '), and the FV3GFS model has a much smaller drag magnitude (~ —0.05 ms™*day ") over
the NH in LR CTL. GSM2003 also has a peak drag that is at a lower altitude than in the other models. The
peak drag in the UM's parametrized gravity wave drag is somewhat less pronounced than in the other models,
which may be due to the fact that its parametrized gravity wave drag is applied over an approximated vertical
wavelength of the wave. The gravity wave drag over the SH is much smaller than over the NH, since there is
less orography here and the selected period is during SH summer. Unlike over the NH, GDPS LR CTL has the
largest peak gravity wave drag over the SH, and KIM LR CTL has the smallest. Again, this implies that the
parametrized gravity wave drag is strongly dependent on the region and not just on the scaling of the drag.

By comparing the parametrized and resolved gravity wave drag from the global simulations at resolutions of
~9, ~40, and ~100 km, we can determine the accuracy of the gravity wave saturation assumption, as well as
the magnitude and resolution sensitivity, of the parametrized gravity wave drag. Figures 3e and 3f show the
vertical distribution of resolved gravity wave drag averaged over the SH and NH stratosphere in the UM and
IFS. The total (resolved plus parametrized) gravity wave drag in LR CTL and MR CTL in the UM and IFS is
also shown. The peak magnitudes of the resolved gravity wave drag agree quite well in the two models at
comparable resolutions, although there are some differences that are larger at seasonal resolutions, indicat-
ing that the resolved gravity wave drag does not depend much on the model used.

The total gravity wave drag in the UM and IFS LR CTL is about 30% less than the resolved gravity wave drag
in the global 9 km HR CTL IFS and UM over the NH. In the MR CTL simulations, the total gravity wave drag
in the UM and IFS seems to be reasonably well estimated, compared with the 9 km simulations, over the NH.
Over the SH, the total gravity wave drag in UM and IFS is about 50% less in LR CTL than in the 9 km simu-
lations and is about 30% less in MR CTL. The total gravity wave drag, therefore, seems to be more signifi-
cantly underestimated over the SH than over the NH at both climate and seasonal resolutions. Assuming
that the LR CTL and MR CTL simulations performed with the other models have similar resolved gravity
wave drag to that in the UM and IFS at comparable resolutions, this implies that most of the models are
underestimating the total gravity wave drag in the NH stratosphere at climate resolutions and in the SH stra-
tosphere at both climate and seasonal resolutions. Models such as ICON, GSM1705, and GSM2003 do, how-
ever, seem to capture the peak magnitudes of gravity wave drag quite well over the NH, although GSM1705
LR CTL may be overestimating the drag. Only GSM1705, GDPS, and ICON, which have large parametrized
drag, appear to be capturing the total gravity wave drag in the SH stratosphere. It is important to note that
the 9 km simulations are not resolving the full spectrum of gravity waves and so the underestimation of the
gravity wave drag in the LR and MR simulations is likely to be even larger than what has been quantified
here, as will be discussed in section 4.2.

The resolved gravity wave drag is significantly increased when the resolution is increased from 100 to 40 km.
Most of the parametrization schemes see a much smaller decrease in their parametrized gravity wave drag
when the grid spacing is approximately halved. The parametrized gravity wave drag is, therefore, much less
sensitive to resolution than the resolved gravity wave drag. Interestingly, both KIM and UM show an
increase in parametrized gravity wave drag, although the increase in KIM is far more significant and only
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Figure 5. Area-averaged zonal surface stress (land only) over the ME. (a) Parametrized surface stress from gy, 7ss0,
and their sum is shown, as indicated by the legend, for LR CTL and MR CTL. (b) Resolved surface stress 7ggg in a
subset of models at different resolutions. Solid and dashed vertical lines indicate the mean and standard deviation,
respectively, of (a) the total parametrized surface stress (7p, + Tsso) in LR CTL and MR CTL and (b) the resolved surface
stress in LR CTL across the subset of models. Note that only the sum of g7, + 7550 is shown for GSM2003 in panel (a).

noticeable over the SH. The resolution sensitivity in KIM can be explained through an analysis of the subgrid
orographic fields that are used as input to their gravity wave drag parametrization. The factor that
determines the orographic asymmetry and which partly determines the gravity wave drag surface stress
magnitude (see Choi & Hong, 2015 for details) increases and becomes more positive with increasing
resolution. This leads to an increased scaling of the parametrized gravity wave drag at higher resolutions.
The resolution sensitivity of the UM is also consistent with the results of Vosper et al. (2019), who found
that the UM's parametrized gravity wave drag component was relatively insensitive to resolution over the
Rocky mountains. This was shown to be as a result of the parametrization formulation. More precisely,
the mountain wave amplitude at launch level (effective mountain height) is determined through a
low-level Froude number:
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Figure 6. Mean diurnal cycle of the area-averaged zonal surface stress over the ME from (a) tsso. (b) g1, (€) Tsso + TBL,
and (d) resolved tggs. Panels (a)—-(c) show results from LR CTL experiments. In panel (d), resolutions are indicated

by the legend. Note that the time axes in panels (a)-(c) are different from those in panel (d) because the parametrized
stresses are 6-hourly means, whereas Tggg is computed from 6-hourly instantaneous values.

. U
heff = min (hv NiFC>7 (3)

where hr is the mountain wave amplitude, h is the subgrid mountain height, which is proportional to the
standard deviation of the subgrid orography, U and N are the winds and stability over the height of the
subgrid mountain, and F, is a critical Froude number. This means that, in the blocked flow regime, the
wave amplitude is given by U/(NF.), which does not vary much with resolution. The parametrized gravity
wave momentum fluxes can, therefore, only vary with resolution in proportion to the wavenumber
(inverse horizontal scale) of the subgrid orography. This horizontal scale is defined from inputs such as
subgrid orographic gradients and standard deviation, computed within a model grid-box using a
high-resolution orography data set. Since the dominant scale of the subgrid orography becomes larger at
coarser resolutions, the scheme does not accurately capture the full spectrum of subgrid orography when
resolution is varied. For both UM and KIM, the resolution sensitivity over the NH and SH can, therefore,
be partly explained by changes in the “subgrid” orography at different resolutions.

GSM1705 is the only model for which the parametrized gravity wave drag decreases by a significant amount
over the NH and SH when the resolution is increased. This is due to the fact that, although the gravity wave
drag parametrization reduces the mountain wave amplitude at low Froude numbers using an expression
very similar to that of (5), the critical Froude number (F,) in GSM1705 is set to a relatively small value of
1.5. This means that the flow is less likely to be in a blocked flow regime, allowing the gravity wave surface
stress to vary proportionally with the square of the standard deviation of the subgrid orography, which
increases at larger grid spacing. What is more, unlike most of the other gravity wave drag parametrizations,
GSM1705 does not scale the gravity wave surface stress by a wavenumber derived from the subgrid orogra-
phy, which becomes smaller at larger vegrid spacing.
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Figure 7. Area-averaged gravity wave zonal wind drag over the ME
stratosphere from (a, b) parametrized gravity wave drag in all the models
and (c) resolved/total gravity wave drag in the UM and IFS. Panel (a) shows

LR CTL experiments, and panel (b) shows MR CTL experiments.
In panel (c), model resolutions are indicated by the legend.

Figure 5a shows 7550 and 77, in LR CTL and MR CTL for the different
models over the ME. The total parametrized surface stress (zsso + Tsr)
varies between the models over this region, with most of the models hav-
ing a dominant contribution from 7gg0. It is only IFS and ARPEGE that
have a dominant contribution from ;. Figure 5b then shows tzgs over
the ME at different resolutions of the UM, the IFS, and in LR CTL for
some of the models. In the LR CTL experiments, Tggs iS quite similar
across the models, as indicated by the vertical lines showing the standard

deviation, but the parametrized 7sso in Figure 5a is not. The standard deviation of 7zgs across the LR CTL
experiments is ~0.008 Pa, whereas the standard deviation of 7550 in LR CTL is ~0.023 Pa. This suggests that,
at comparable resolutions, the parametrized orographic drag is more uncertain than the resolved orographic
drag. There is an increase in 7ggs in the UM and IFS when the grid spacing is reduced, although the increase
from LR CTL to MR CTL is larger in the IFS.

The resolved surface stress in UM 1.8 km HR CTL is an indication of what the total surface stress from
low-level orographic orographic drag and gravity wave drag should be in the low-resolution simulations.
The resolved tzgs increases by about 0.028 + 0.008 Pa when the resolution is increased from 100 to 1.8
km. Similarly, it increases by about 0.02 Pa from 40 to 1.8 km. This indicates that parametrized t5so
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should be ~0.03 Pa in LR CTL and 0.02 Pa in MR CTL over this region. However, 7gso in LR CTL and MR
CTL is much larger than this in most models, suggesting that some of the models are significantly overesti-
mating 7sso at seasonal and climate resolutions.

As has already been shown, there are large uncertainties in the partitioning of the drag into BL and SSO
among models. Since these are processes that inherently act at different spatial scales and have different sta-
bility and wind dependencies, the diurnal cycles of the parametrized surface stresses produced by these
schemes may differ. Figures 6a and 6b indeed shows that 75 and 7550 have very different diurnal cycles.
In the middle of the day, 7, maximizes when there is increased turbulent mixing and surface wind speeds.
In contrast, 7sso generally minimizes at midday because the reduced stability and increased winds are con-
ducive to vertically propagating gravity waves instead of low-level flow blocking. The KIM model has a very
large diurnal cycle in its total parametrized surface stress (Figure 6¢) when compared with the other models.
This is partly due to the contribution from 7p;, which increases during the day and is relatively small at
night. Compared with models that have similar time-mean 75, such as the IFS or ARPEGE, the diurnal
cycle in KIM is larger. This suggests that it is the dependence of 7g;, on stability or winds that makes it stand
out, particularly the turbulent orographic form drag component (Koo et al., 2018). Unlike 7550, the resolved
Tres (Figure 6d) gets larger during the daytime and smaller during the evening in all of the models. This dif-
ference between tsso and 7gps could either be as a result of interaction between the parametrized tz;, Tsso
and Txgg Or because g5 does not have the correct dependence on winds and/or stability. There is some indi-
cation that models with larger 7p; also have smaller 7550 during the daytime. This is potentially because
large tp; weakens the near-surface winds, and since 7s5o depends on wind, this results in smaller 7550 during
the daytime. This interaction between the two schemes can lead to difficulties in correctly constraining their
contributions. The differences in the diurnal cycles of the parametrized orographic drag and the resolved
orographic drag shown here, and the choice of partitioning among the models, are likely to play a role in
the diurnal cycle of the surface wind.

4.2. Gravity Wave Drag Profiles

The resolved gravity wave drag in the UM 1.8 km HR CTL is now compared with the parametrized gravity
wave drag in LR CTL and MR CTL experiments over the ME. This will allow us to to gauge the validity of the
conclusions drawn from the global (9 km) HR CTL simulations in section 3.2. Figure 7 shows the parame-
trized and resolved gravity wave drag in the upper troposphere to lower stratosphere in all the models, aver-
aged over the ME. The spread of the parametrized gravity wave drag at ~70 hPa in LR CTL and MR CTL is
representative of what is seen over the NH in Figure 3, which is not surprising given that a large proportion
of the NH gravity wave drag at those altitudes is coming from the ME region during this period (Figure 4).

The resolved gravity wave drag is evidently increased in UM 1.8 km HR CTL, compared with the global HR
CTL IFS and UM. In the UM, the peak resolved drag increases by about 25% when the resolution is increased
from 9 to 1.8 km. This implies that the underestimation of the total gravity wave drag over the NH and SH in
the LR CTL and MR CTL models is even more substantial than what was identified in section 3.2. The
resolved gravity wave drag in the UM and IFS are not as similar at comparable resolutions (particularly in
MR CTL and HR CTL) over this region compared with the entire NH (Figure 3), since the IFS has slightly
less resolved gravity wave drag than the UM. This is compensated by the IFS having slightly more parame-
trized gravity wave drag over this region. This is opposite to what was found in Vosper et al. (2019) over the
Rocky mountains, where the resolved/parametrized gravity wave drag was larger/smaller in the IFS com-
pared with the UM in global 16 km simulations. It is possible that this difference is due to: variability, since
we are looking at a slightly different time period; regional difference in resolved orography; difference in
resolution, since we are looking at 100 and 40 km resolutions instead of 16 km simulations; or/and possible
interaction between the resolved and parametrized orographic drag.

The peak deceleration from the regional UM 1.8 km HR CTL over the ME is ~1.5 ms~'day ™, whereas the
total from resolved and parametrized gravity wave drag in most of the models is ~ 0.5+ 0.25 ms~day ™!
in LR CTL and ~0.875 ms™'day " in MR CTL. Most of the MR CTL models have about half the total gravity
wave drag (resolved plus parametrized) and the LR CTL models have about a third of the total gravity wave
drag compared with the resolved in the regional UM 1.8 km HR CTL. The profile and magnitude of the para-
metrized gravity wave drag in GSM1705 are more similar to the 1.8km UM although somewhat
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Figure 8. Area-averaged zonal wind drag profiles over the ME troposphere interpolated onto pressure levels from (a, b)

d[ 5500 (Cs d) & St and (e, ) the sum of 4 Gisso T ‘3’;& Panels (a), (c), and (e) show LR CTL, and panels (b), (d), and (f) show

MR CTL. Since the drag is interpolated to pressure levels for each model, the pressure levels that are lower than the mean
orography are masked out. Values quoted on the right-hand axes indicate the fraction of area that is not masked out.

overestimated in LR CTL. As was found over the NH, the resolution sensitivity of the parametrized gravity
wave drag (Figures 7a and 7b) is much weaker than that of the resolved gravity wave drag (Figure 7c) in most
of the models. The IFS's parametrized gravity wave drag is almost identical in LR and MR. Consistent with
the discussion in section 3.2, the UM's parametrized gravity wave drag increases with increasing resolution
over this region. In contrast, the parametrized gravity wave drag in GSM1705 and GDPS has a resolution
sensitivity comparable to that of the resolved gravity wave drag.

4.3. Tropospheric Drag Profiles

It is much more difficult to evaluate the vertical profile of the drag within the troposphere using
high-resolution simulations than it is to evaluate the stress at the surface and the gravity wave drag in the
free atmosphere. Resolved momentum fluxes and drag within the troposphere are difficult to diagnose
because separating the drag processes from their impact on circulation near the surface is complicated.
Nonetheless, it is of interest to look at the parametrized drag profiles within the troposphere so as to
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Figure 9. Impact of parametrized orographic drag (LR CTL minus LR NOSSO) on the zonal wind at the end of the 24 hr
forecasts, averaged over the set of 14 forecasts and longitudinally averaged over the ME (shading). Thick black
contours are the mean zonal wind in LR CTL, with a 5 ms ™ contour interval.
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Figure 10. Impact of resolved orographic drag (HR CTL minus HR LROR) on the zonal wind at the end of the 24 hr
forecasts, averaged over the set of 14 forecasts and longitudinally averaged over the ME (shading). Thick black
contours are the mean zonal wind in HR CTL, with a 5 ms ™! contour interval.
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profile of stress from the low-level wave breaking parametrization is

Figure 11. Relationship between the RMSD between the HR CTL and HR  assumed to be a quadratic function of pressure rather than having a verti-

LROR experiments for the zonal wind (U) and mean orographic height
(HT) averaged over the ME region. The zonal wind differences are averaged

between 1,000 and 10 hPa.

cal dependence on windspeed, as is the case for most orographic flow
blocking schemes.

Both KIM and GSM1705 employ a low-level wave breaking parametriza-
tion, and although KIM also has a flow blocking parametrization, the low-level wave breaking makes up > ~
60% of the drag in the troposphere in KIM (not shown). In both these models, the SSO drag increases with
increasing resolution at 850-500 hPa. The resolution sensitivity in KIM is likely related to the fact that, while
the total surface stress reduces at higher resolution, the altitude of momentum deposition is higher and
therefore imparts larger deceleration of the zonal winds (as the density is decreased there). In GSM1705, this
resolution dependence is a result of resolution-dependent tuning parameters in the low-level wave breaking
scheme, designed to optimize higher resolution forecasts. Other models show an expected resolution sensi-
tivity in their SSO drag, with decreasing parametrized orographic drag at higher resolution and little sensi-
tivity in their BL drag profiles. In some models, namely, IFS and GDPS, the BL drag increases with resolution
at 850-700 hPa, suggesting that this is a response to the SSO drag decreasing with resolution. Overall, the
choice in partitioning and parametrized process significantly affects the profile of parametrized drag and,
as shall be seen, the zonal wind within the troposphere.

4.4. Resolved Versus Parametrized Orographic Drag

As discussed in section 4.3, diagnosing the vertical profile of resolved orographic drag within the troposphere
is difficult. However, the method used in van Niekerk et al. (2018) provides a way of determining the impact
of resolved and parametrized orographic drag on the winds and, thus, an indirect way of evaluating parame-
trized orographic drag within the troposphere. Figure 9shows the impact of parametrized orographic drag in
the low-resolution simulations (i.e., LR CTL - LR NOSSO) on the zonal winds longitudinally averaged over
the ME at the end of the 24 hr forecasts (averaged over the 14 forecasts). These plots, therefore, represent the
change in the winds over the 24 hr period of the experiment that result from the SSO parametrization
schemes (including the subgrid orography fields) and the response in the model dynamics to those schemes.
Since these are differences at short lead times, the impacts remain local to the proximity of the mountain
chain and are, therefore, predominantly due to the ME mountains.

The diversity of the impact on the zonal wind (Figure 9) is a reflection of the various parametrization schemes
outlined in Table 1 and differences in partitioning between SSO and BL drag, as well as in the subgrid oro-
graphic fields. The vertical depth of the impact on the zonal wind varies between the models. Most of the
models show a very deep deceleration of the winds, extending throughout the troposphere, which comes pri-
marily from the low-level drag components of the parametrizations and the response from the dynamics, as
was demonstrated in van Niekerk et al. (2018). Clearly, models with large SSO drag within the troposphere
(e.g. FV3GFS, GDPS, and ICON in Figure 8a) show a larger deceleration of the zonal wind there. In the lower
stratosphere (between 150 and 10 hPa), there is an indication of deceleration from the gravity wave drag com-
ponent of the schemes, with the magnitude and distribution (in the vertical and horizontal) varying between
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Figure 12. Zonal wind error (model minus analysis) in (a) UM LR CTL and (b) UM 1.8 km HR CTL at the end of the 24
hr forecasts, averaged over the set of 14 forecasts and longitudinally averaged over the ME (shading). Thick black
contours are the mean zonal wind in the model, with a 5 ms ! contour interval.

the models, consistent with Figure 7a. In particular, GSM2003 has a large deceleration in the lower
stratosphere that is at a lower altitude than in the other models. The UM and FV3GFS both have a very
weak deceleration in the stratosphere, corroborating the discussion in section 4.2.

Our ensemble of high-resolution experiments with high-resolution (HR CTL) and low-resolution (HR
LROR) orography at grid spacing ranging from 1.8 to 3 km regionally, and at grid spacing ranging from 6
km to 10 km globally, can be used to quantify the impact from resolved orography (shown in Figure 10).
This impact represents the change in the zonal winds resulting from resolving the effects of orographic fea-
tures with scales smaller than 100 km and up to the model resolved scales, which would need to be parame-
trized at 100 km resolutions. The impact of resolved orography on the zonal wind is largest in the lower
stratosphere due to resolved orographic gravity wave breaking occurring at the tropopause, where there is
a rapid decrease in density and wind speed with height. A large impact can also be seen near the surface
due to low-level orographic drag effects.

The intermodel differences in the resolved orographic impacts deduced from the high-resolution experi-
ments, seen in Figure 10, can be partly explained by the differences in the mean orography between the
HR CTL and HR LROR experiments. One would expect that a larger difference in the mean orography
between the HR CTL and HR LROR experiments would lead to a larger impact on the zonal winds.
Indeed, Figure 11 suggests that there is some relationship between the root-mean-squared differences
(RMSD) in the mean orography and the impact on the winds. The largest orographic HT RMSD is in UM
1.8 km and KIM, which also show large wind responses to the resolved orography. GSM2003 and RDPS have
relatively smaller HT RMSD, and correspondingly, the wind differences are smaller. ICON, WRF-ARW, and
AROME do not entirely fit this relationship, however. For example, ICON has one of the highest resolutions
for the HR runs (2.5 km), and yet the orographic HT RMSD is lower than in IFS HR experiments (at 9 km)
while the wind response is similar. The higher HT RMSD between the IFS HR experiments, despite their
lower resolution (9 km), compared to the other HR experiments could be explained by the fact that the mean
orography is less filtered in IFS than in other global models (Elvidge et al., 2019). The similarity of the wind
responses in IFS and ICON suggests, however, that the change in horizontal resolution between the HR CTL
and HR LROR orography is not the only factor determining the wind response. Numerical aspects, such as
the damping applied to vertical winds, time step, advection scheme, and the vertical or horizontal resolution
of the models are likely to also play a role in the magnitude of the impact of the resolved orography on the
wind field.

Despite the differences in the magnitude (shown in Figure 11), the spatial distribution of the zonal wind
response to the resolved orography is quite similar across the models compared with that from
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parametrized orographic drag, particularly at the location of maximum gravity wave breaking within the
stratosphere. This gives us some confidence in using these high-resolution simulations for validation of
the parametrized orographic drag at coarser resolutions. It also reinforces the analysis performed and con-
clusions drawn from the 1.8 km UM simulations in section 4.2.

To place these impacts from resolved and parametrized orographic drag into context and to demonstrate the
fidelity of the high-resolution simulations, Figure 12 shows the zonal wind errors after 24 hr relative to ana-
lysis in the UM LR CTL and UM 1.8 km HR CTL averaged over the ME. These fields give some indication of
the systematic errors over the considered period. The impact from resolved and parametrized orographic
drag (Figures 9 and 10) is of the same magnitude as the model errors in UM LR CTL in Figure 12, highlight-
ing the dominant role that the orography plays in circulation accuracy over complex terrain. The improve-
ments gained by increasing the resolution are clear, since the negative wind errors near the surface and
positive wind errors in the lower stratosphere seen in UM LR CTL (Figure 12b) are almost completely
removed in UM 1.8 km HR CTL (Figure 12a). There is still some indication that the near-surface winds
are too strong in UM 1.8 km HR CTL, which is likely to be alleviated if the orographic drag parametrization
was turned on. Nonetheless, the small errors in Figure 12b illustrate that the high-resolution simulations,
even with parametrized orographic drag turned off, are close to our best guess of the atmospheric state
(the analysis), further supporting their use for the validation of the parametrized orographic drag and its
impacts on circulation.

The impact on the zonal winds from resolved orography in the HR simulations can then be compared with
that from parametrized orographic drag in the LR simulations as a means of validating the representation of
orographic drag at climate resolutions. There are clear differences. The impact from the parametrized oro-
graphic drag in Figure 9 near the surface is far larger than what is seen from the resolved orography in
Figure 10. While some impact on the zonal winds from the resolved orography can be seen throughout
the troposphere, it is far less pronounced than that induced by parametrized drag. This is an indication that
the parametrized orographic drag near the surface is too large in most of the models, excluding perhaps
ARPEGE and IFS, at the low resolutions. This is consistent with the conclusions drawn from the resolved
and parametrized surface stresses in Figure 5 and the negative near-surface zonal wind errors in UM LR
CTL (Figure 12a). In most of the high-resolution simulations, the impact on the wind from resolved gravity
wave breaking peaks at a height of 150-30 hPa and between the latitudes 30°N and 35°N (Figure 10),
whereas that from the parametrized gravity wave drag peaks at a latitude between 35°N and 40°N
(Figure 9). It is only in IFS, GDPS, and ARPEGE that the impact from parametrized gravity wave drag peaks
at roughly the same latitude as that from resolved orography within the stratosphere. In van Niekerk
et al. (2018), this northward displacement of the impact from parametrized gravity wave drag was found
to be partly due to the response of the resolved dynamics to the parametrized drag, which is also likely to
be the case here.

The MR CTL experiments also generally show positive zonal wind errors within the lower stratosphere
(indicative of insufficient gravity wave drag) but have much smaller near-surface wind errors (not shown)
compared with LR CTL. This is, again, consistent with the LR CTL simulations having too large low-level
drag, since this component generally reduces when the resolution is increased. It is, of course, plausible that
other modeled processes are the cause of these errors, but given the magnitude and location of the errors and
their response to resolution, orographic drag is likely to be the first-order process responsible.

5. Conclusions

Building on previous WGNE drag model comparisons (Elvidge et al., 2019; Zadra et al., 2013) and on two
recent studies which use km-scale simulations to evaluate parametrized orographic drag (van Niekerk
et al., 2018; Vosper et al., 2019), the COORDE project further investigates the uncertainties in the represen-
tation of orographic drag processes at resolutions typical of seasonal forecasting and climate projections. The
multimodel comparison performed in COORDE has revealed the variety of orographic drag parametriza-
tions employed in models used by several operational centers. The low-level drag schemes, which account
for nonhydrostatic gravity waves and orographic flow blocking, were found to vary much more in their for-
mulation than those that represent vertically propagating gravity waves. This is related to the fact that tropo-
spheric processes overlap and, therefore, isolating the relevant orographic drag processes that may be
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operating within the boundary layer is far more difficult compared with identifying orographic gravity wave
drag in the free atmosphere.

Despite the different formulations, the models’ drag parametrizations have been tuned, either implicitly or
explicitly, to produce reasonable large-scale circulation. This is evident from the fact that the zonal mean
parametrized surface stresses were found to be relatively similar at comparable resolutions, although
differences still exist over particular regions. The tuning of the orographic drag schemes, guided mostly by
the minimization of forecast errors in large-scale circulation metrics of, for example, mean sea level
pressure, tropospheric geopotential height, or surface winds, has resulted in drag from different processes
(e.g., low-level flow blocking, low-level wave breaking, upper level gravity waves, or turbulent drag) being
used interchangeably. Drag from a certain scheme can be erroneously substituted with drag from another
scheme while trying to minimize large-scale circulation errors, which may not have a unique solution in
terms of optimal uncertain parameters. The COORDE model comparison demonstrates that this substitution
can affect local aspects of the circulation, such as the diurnal cycle in near-surface wind speed, due to the fact
that the various drag processes depend on stability or winds in different ways and have different regional and
vertical drag distributions. For these reasons, it is necessary to go beyond the traditional forecast-skill-based
tuning exercise and to provide process-based constraints for the different orographic drag processes, follow-
ing the avenues suggested in Sandu et al. (2019).

This study makes progress in this direction by using high-resolution simulations to perform a process-based
evaluation of the parametrized low-level orographic drag and orographic gravity wave drag at resolutions
typically used for seasonal and climate integrations. The methodology used here not only compares parame-
trized and resolved surface stresses and gravity wave drag in high- and low-resolution simulations, as is typi-
cally done (c.f. Vosper et al., 2016, 2019), but also makes use of novel high-resolution simulations with high-
and low-resolution orography to estimate the impact of resolved orography on the flow. While this method
assumes that the high-resolution simulations are a good proxy for observations, this assumption has been
shown to be justified not only here but also in previous studies (e.g., Holt et al., 2017; Stephan et al., 2019).
Our approach has helped to demonstrate that parametrized low-level orographic drag is, generally, overes-
timated at climate resolutions and stratospheric orographic gravity wave drag is underestimated at both cli-
mate and seasonal resolutions. These experiments have, thus, provided new constraints on: the vertical and
regional distribution of parametrized and resolved orographic gravity wave drag; the magnitude of the oro-
graphic surface stresses and gravity wave drag in the upper troposphere to lower stratosphere; the resolution
sensitivity of orographic surface stress and gravity wave drag; the diurnal cycle of orographic surface stresses;
and orographic drag throughout the troposphere, which is notoriously difficult to diagnose directly from
either observations or high-resolution simulations. It is hard to imagine how such information could have
been obtained from a typical forecast-skill-based tuning exercise, even through repeated iterations.

Aside from making qualitative statements about the models’ parametrization schemes, this study has pro-
vided a quantitative comparison to act as a reference for model developers. The magnitude of the parame-
trized gravity wave drag within the lower stratosphere was found to vary across the models and regions,
even at comparable resolutions. The total gravity wave drag (resolved plus parameterized) over the NH
was found to be underestimated by at least 30% in most of the models at climate resolutions, with the excep-
tion of GSM1705, GSM2003, and ICON, when compared with resolved gravity wave drag in global 9 km
simulations. Over the SH, the total gravity wave drag was found to be underestimated by at least 50%
and 25% at climate and seasonal resolutions, respectively. This underestimation is consistent with the SH
“cold-pole” bias, which refers to climatological stratospheric temperature biases in excess of around 10K
over the SH polar stratosphere (Garcia et al., 2017), that are seen among models. Since the significant grav-
ity wave drag underestimation is present when only land points are included in the resolved and parame-
trized gravity wave drag profiles (Figure 3), this work shows that a large part of the missing wave drag that
contributes to this bias is likely to be from orographic rather than nonorographic gravity waves.
Furthermore, the fact that the resolved gravity wave drag increases by ~25% over the ME region when
the resolution is increased from 9 to 1.8 km suggests that the underestimation of the total gravity wave drag
over the SH and NH in the LR and MR simulations is in fact even larger that what was estimated using the
9 km global simulations. Indeed, over the ME region, the total gravity wave drag in the LR and MR simula-
tions is underestimated by approximately 70% and 40%, respectively, compared with the regional UM 1.8
km simulations.
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Diagnosis of the resolved surface stresses over the ME indicate that parameterized low-level orographic drag
is significantly overestimated in most of the models at climate resolutions. This is further supported by com-
parison between the impacts from parametrized orographic drag and resolved orography on the winds,
which showed that the parametrized orographic drag leads to larger deceleration of the winds throughout
the troposphere compared with resolved orography. The resolved orographic surface stress was also shown
to have a different diurnal cycle compared with the SSO stress, indicating that either the SSO dependence on
wind/stability may be incorrect or there is some interaction between the parametrized drag processes.

Given that the parametrized surface stress is much larger than that predicted from the high-resolution simu-
lations but the parametrized gravity wave drag in the stratosphere is much smaller than that in high resolu-
tion simulations, a rebalancing of the two may be necessary. It is possible that the low-level drag has been
increased to account for the lack of gravity wave drag in the upper atmosphere, since the two have a similar
impact on the large-scale circulation in the troposphere. For example, both lead to an increase in the pres-
sure over the pole (Palmer et al., 1986; Williams et al., 2020) and a reduction in the speed of the barotropic
jet (McFarlane, 1987; Pithan et al., 2016; van Niekerk et al., 2017). While tuning the schemes to produce a
reasonable circulation within the troposphere, one may be inadvertently substituted for the other. What is
more, the handover between resolved and parametrized orographic drag when resolution is varied is not
well handled in most of the models. For example, as was also identified for the UM in Vosper et al. (2019),
most of the models exhibited a weak resolution sensitivity in their parametrized gravity wave drag when
compared with the resolved gravity wave drag. It is, therefore, also likely that the models have been tuned
for a particular resolution, for example, those used in short-range or seasonal forecasting, since the total drag
is more accurately estimated at those resolutions. The same orographic drag parametrization can also pro-
duce very different resolution sensitivity, total drag and vertical drag partitioning (e.g., the Lott &
Miller, 1997 scheme in the IFS and ICON), further highlighting the uncertainty in current orographic drag
parametrizations. This work, thus, emphasizes that current orographic drag parametrizations are not ideal
for use across model resolutions without further improvements (e.g., through reformulation of the gravity
wave drag schemes to account for the full unresolved orographic spectrum, see Vosper et al., 2019).

Data Availability Statement

The FV3GFS simulations for COORDE are stored at NOAA/HPSS data archive system. Model data used in
the production of figures can be found at https://doi.org/10.5281/zenodo.3763463.
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