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Comprehensive high resolution numerical weather predic-
tion models provide a virtual laboratory for modelling the
atmospheric flow over complex mountain ranges. In this
study, global and regional simulations with horizontal grid
spacing ranging from 2 km to 32 km, focused over the north-
ern Rocky mountains, are used to assess the orographic
blocking and gravity wave drag parametrizations employed
in the Met Office Unified Model (UM) and the European
Centre for Medium-Range Weather Forecasts Integrated
Forecasting System (IFS). The total, resolved and parametrized
drag components in coarse resolution simulations are com-
pared with those in high resolution simulations, in which
the orographic drag processes are better resolved. The to-
tal surface stresses and gravity wave momentum fluxes in
the free atmosphere of the global 16km UM and IFS simu-
lations are shown to compare well with 2km regional sim-
ulations, in terms of their variability and mean. While the
total gravity wave momentum flux is somewhat underes-
timated by both global models, its vertical distribution is
well captured. The ‘seamlessness’ of the parametrization
scheme is then assessed by comparing the total orographic

stress, and its components, across several horizontal resolu-
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tions of the UM. The surface stress remains relatively con-
stant across resolutions, such that the reduction in resolved
orographic stress at coarser resolutions is compensated by
an almost equivalent increase in parametrized orographic
stress. However, the parametrized orographic gravity wave
momentum flux in the free atmosphere remains almost con-
stant with resolution, failing to compensate for the lack of
resolved flux at coarse resolutions. This leads to an under-
estimation of the total gravity wave drag at coarser resolu-
tions. Further analysis suggests that this underestimation is
due to the monochromatic wave assumption made by the

gravity wave drag parametrization scheme.
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1 | INTRODUCTION

The drag imparted on the atmosphere by orography plays an important role in the momentum budget and, correspond-
ingly, the atmospheric circulation. The representation of orographic drag in numerical models, therefore, influences
the reliability of predictions across all timescales, from days (Sandu et al., 2019) to climate timescales (Pithan et al.,
2016; van Niekerk et al., 2017). However, models used for numerical weather prediction (NWP), seasonal forecast-
ing and climate projections typically only resolve some portion of the orographic scales, resulting in the need for
orographic drag parametrization schemes. These schemes generally only represent some of the key orographic drag
processes that occur in the real atmosphere, namely orographic blocking and gravity wave drag, and are based typ-
ically on theoretical and experimental results from idealised situations: simple flows over single isolated mountains
(e.g. Phillips, 1984). Parameters within these schemes are also poorly constrained by observations and, thus, rely
on tuning in order to optimise objective measures of forecast skill in, for example, surface pressure, winds and tem-
peratures. Manifestly, the partition between orographic drag and boundary-layer drag, two processes with different
scale dependencies and different responses to stratification, varies wildly between different operational NWP models
(Zadra et al., 2013).

With the use of grid lengths O(10 km) in global NWP, some of the key orographic processes are becoming better
resolved. However, since orography spans multiple scales, all current global NWP and climate models are applied in
the orographic drag ‘grey zone’ (Vosper et al., 2016), in which the drag-producing processes are neither well resolved
nor fully parametrized. The handover between parametrized and resolved drag across resolutions is, therefore, an
important aspect of atmospheric modelling across time and spatial scales. In order for models to operate ‘seamlessly’
(e.g. Brown et al., 2012) the parametrizations must accurately account for the unresolved orographic drag over a wide
range of resolutions. The extent to which this is true for current orographic drag parametrizations over relatively
simple isolated mountains was examined by Vosper (2015). This study showed that, with a well-tuned orographic

drag scheme, the hand over between the resolved and parametrized surface pressure drag is well behaved across
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resolutions. At high resolution, when the orography is well resolved, the parametrized drag is small and the total drag
is dominated by resolved processes. The resolved drag reduces at coarser resolutions, but this is compensated for by
an increase in the parametrized drag. Vosper et al. (2016) also showed that this tuning was not globally universal and
was dependent on the scale of the sub-grid mountains. While it may have been possible to optimise the orographic
drag parametrization for simple isolated mountains, the extent to which they are capable of representing drag across
extended and complex mountain ranges is only beginning to emerge. For example, the recent study of Garner (2018)
used high resolution simulations over various extended mountain regions to validate and determine the optimal drag
coefficients for orographic drag parametrization, thus demonstrating their usefulness for model development.

Constraining orographic drag parametrization schemes and assessing their realism is a major challenge. Surface
pressure drag arises as a consequence of correlations between small (~1 hPa) flow induced pressure perturbations
and terrain slope and, although historically there have been attempts to quantify this through observational studies
(e.g. Smith, 1978; Vosper and Mobbs, 1997), these correlations are very difficult to measure at the level of accuracy re-
quired for model evaluation. Similarly, mountain-wave momentum fluxes, which vary spatially in three dimensions and
are intermittent in time (Plougonven et al., 2013), require comprehensive precision observations in order to be reliably
measured. Aircraft studies (e.g. Fritts et al., 2016) provide the most accurate observations, but these are expensive
and do not sample all of the wave field. While such measurements are very useful for evaluating whether gravity
waves are explicitly resolved by models (e.g. Shutts and Broad, 1993), the combination of sampling issues and three-
dimensionality of the wave fields mean they are not suitable for reliable assessment of the grid-box average fluxes
represented by parametrization schemes. The spatial and temporal coverage afforded by satellite remote-sensing
techniques (Alexander and Barnet, 2007; Wright and Mitchell, 2017) do offer considerable promise in this respect,
although their usefulness is somewhat limited by a lack of resolution (in either the horizontal, or vertical, for limb- and
nadir-sounders, respectively (Preusse et al., 2008)) and the fact that reliable measurements are generally limited to
the middle atmosphere.

An alternative, indirect approach to constraining parametrized orographic drag is to make use of high-resolution
km-scale simulations. Simulations with horizontal grid spacings smaller than a few kilometres are able to resolve many,
though not all, orographic drag processes, and can be applied to realistic time-evolving flows over complex terrain. van
Niekerk et al. (2018) used such simulations to compare the total impact on the circulation from resolved orographic
drag at high resolution and parametrized orographic drag at coarser resolution. In contrast, this study compares
the stress and drag from the orographic drag parametrizations in low-resolution simulations to the corresponding
stress and drag from resolved orography in the high-resolution simulations. To this end, high-resolution regional
simulations over the northern Rocky mountains (domain shown in Figure 1) are used to assess the performance of

drag parametrizations at different resolutions.

This paper has three primary objectives, each addressed in sections as follows:

e By comparing the resolved and parametrized drag from two different global NWP models with a high-resolution
regional model, assess the ability of the global models to realistically represent the orographic flow-blocking and
gravity-wave drag. To the extent that the high-resolution model can be regarded as a ‘truth’, this allows us to
assess the realism of the parametrizations used in operational NWP models. Both the total surface stress and the
vertical distribution of the orographic gravity wave momentum fluxes and drag will be considered. Results are
presented in section 3.1.

e Extend the Vosper et al. (2016) study from relatively simple isolated mountainous islands to a more complex
major continental mountain range, determining the behaviour of orographic drag parametrizations across a range

of horizontal resolutions. Since contributions to to the total drag exerted on the large-scale circulation from these
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larger mountain chains will dominate over those from small islands, the behaviour of the parametrization schemes
in this case is of greater relevance to global NWP, seasonal and climate projections. This is investigated in section
3.2.

e Quantify the scale contributions of the total orographic gravity wave momentum fluxes, and how this varies across
resolutions. ldentifying both the smallest scale that the model is able to resolve at a particular resolution and
which scales contribute most to the total momentum flux will help to inform the development of more ‘seamless’
orographic drag parametrizations. This is discussed in section 3.3.

Conclusions are drawn in section 4.

2 | METHODOLOGY

Global model simulations are performed with the Met Office Unified Model (UM) at version 10.9 and the European
Centre for Medium-Range Weather Forecasts Integrated Forecasting System (IFS) at cycle43r1. These have an ap-
proximate horizontal grid spacing of 16 km, i.e. resolution N768 of the UM and TL1279 of the IFS, which are typical
of the resolutions used until recently for global weather forecasts. The global UM has 70 vertical levels reaching
80km above sea level (ASL) and the global IFS has 137 vertical levels reaching 1 Pa. The scientific configuration of
the global UM is described in Walters et al. (2019) and the IFS is described by ECMWF (2015). The global simulations
are made up of a series of 24 hour forecasts initialised from their respective operational analyses at OOUTC spanning
the month long period 01 December 2015 - 01 January 2016. Both models use a variant of the Lott and Miller (1997)
orographic drag parametrization to represent low-level flow blocking and mountain-wave drag, but vary in certain as-
pects of its implementation. They both also include a parametrization for turbulent form drag associated with sub-grid
hills whose horizontal scale is smaller than ~ 5 km (and hence stability effects are considered generally unimportant).
These schemes differ in that the UM uses an effective roughness approach (Wood and Mason, 1993), whereby the
vegetative roughness length is increased to represent the effects of the hills, whereas the IFS uses an explicit stress
representation (Beljaars et al., 2004). Previous studies have shown that the partitioning between the orographic and
boundary layer drag is very different between these two models (Sandu et al., 2016; Zadra et al., 2013). It is likely
that these differences result from of a combination of subjective tuning, differences in formulation and, as has been
recently demonstrated by Elvidge et al. (2019), the representation of sub-grid orographic fields. The implications of
these differences between the UM and IFS’s treatment of parametrized orographic drag for the total drag and its
variability over the northern Rocky mountains will be considered.

The regional simulations in this study were conducted with the UM, run across a range of horizontal grid resolu-
tions: 2, 4, 8, 16 and 32 km. These all have 70 vertical levels up to 40 km ASL. The domain size, shown in Figurel,
is identical for all regional simulations, which are all driven by the same global simulations. Boundary conditions are
provided from a series of 24 hr global UM forecasts at a resolution of 22 km (N512), initialised from Met Office op-
erational analyses at OOUTC. The regional simulations are free-running (not reinitialised every 24 hours) but broken
into five, approximately week long, periods: 01-08 December 2015; 07-14 December 2015; 13-20 December 2015;
19-26 December 2015; and 25 December 2015 - 01 January 2016. The first day of each period overlaps with the last
day of the previous and can thus be treated as a ‘spin-up’ and is disregarded. The scientific configuration is identical
across the regional simulations, with parametrized drag turned on but parametrized convection turned off (see Vosper
et al., 2016 for details of regional configurations).

In this study, the resolved orographic stress and the parametrized boundary layer and orographic stress, both at
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the surface and throughout the atmosphere, is diagnosed as a means of validating the orographic drag parametrization
schemes. Deriving surface stress and vertical momentum flux from resolved orography over a regional domain is
complicated by the fact that the domain contains partial large-scale waves and that there may be mean slopes in the
orography across the boundaries of the domain. These large-scale gradients do not contribute to the meso-scale drag
that is of interest to the parametrization problem but may dominate the magnitude of the calculated terms. In order
to avoid these effects, the area averaged resolved orographic surface stress is computed following Smith et al. (2005)
using:

— (9 o
Tres(z=0)= A" //A (PL=PD) (5, @) h(x, y)dxdy., (1)

where h(x, y) is the surface height and A is the domain area. The surface pressure perturbation p;, is defined as the
surface pressure after removal of the standard pressure:

yh(x, y)\ ¥
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where py = 101324 Pa is the standard atmospheric pressure at mean sea level, To = 288.15 K is the reference tem-
perature, y = 0.0065 Km~" is an assumed constant temperature lapse rate in the troposphere, g = 9.81 ms~2 is the
acceleration due to gravity and R = 287.05 m2s~2K~" is the gas constant of dry air. The overbar in Equation 1 repre-
sents the spatial mean. Without the removal of p;4, the surface stress magnitudes are much larger. As discussed in
Carissimo et al. (1988), this is because the average pressure over the domain (i.e. the mass of the atmosphere) will be
a function of h(x, y) and, since the heights at the boundaries are not equal, this average pressure will act on the mean
slope. By removing the dependence of p on h(x, y), and its spatial average, the force resulting from the weight of the
atmosphere acting on the mean slope is removed. The total surface stress is then given by 10t = |Tres + Tpr + Tssol»
where 7, is the parametrized boundary layer surface stress vector and 7, is the parametrized orographic surface
stress vector, which has contributions from both orographic blocking (74/) and gravity wave momentum flux (74, 4).

The magnitude of the resolved vertical momentum fluxes from gravity waves are computed on constant geometric
height levels via:

Tres(z) = A7 [//\po(u', v w'dxdy (3)

The perturbation velocities (v/, v/ and w’) are derived using the method described in Kruse and Smith (2015), whereby
the fields are detrended (via a linear planar fit) and a high-pass filter is applied in spectral space to remove horizontal
scales larger than 800 km. The background density field (pg) is determined by low-pass filtering the density field
(removing scales smaller than 800 km), itself computed in a way consistent with the velocity perturbations. The total
gravity wave momentum flux in the free atmosphere is given by the sum of the resolved and parametrized gravity

wave momentum flux. The total acceleration (or drag) of the large-scale mean zonal wind is computed as:

ou 1 0
E = _%E (TresX + Tgwdx) (4)
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where 7,5, and 7,4, is the resolved and parametrized gravity wave zonal momentum flux, respectively.

3 | RESULTS

3.1 | Assessment of parametrized and resolved orographic drag in two models

In order to establish the accuracy of the orographic drag parametrization schemes employed in the UM and the IFS,
we begin by comparing the magnitude of the total surface stress (7;o¢) in the global 16 km simulations with that in the
2 km regional simulations. A timeseries of 1;,; over the month is shown in Figure 2, demonstrating the ability of the
lower resolution global models to capture both the mean and variability of the much higher resolution simulations.
This is confirmed by the values of the time-mean and temporal correlation of 7;,; between the global and the 2 km
regional simulations in Table 1. The total surface stress is very similar in the UM and the IFS, although, perhaps
unsurprisingly since they are run with the same model, the global UM has a slightly higher correlation with the 2 km
simulations. There appears not to be a significant systematic over or under estimation of the time mean 7;,; by either
model. There are, however, periods in which the IFS over estimates 1, and the UM under estimates it and vice versa,
relative to the 2 km simulations.

Previous work (Zadra et al., 2013) has shown that, while the total parametrized surface stress is relatively similar
in the UM and the IFS, the contributions from the various parametrized components differ. This analysis excluded
the resolved surface stress component, which may also differ between models as a result of, for example, the model
dynamical formulation, resolution and representation of resolved orography (Elvidge et al., 2019). As a means of
quantifying the contribution of the resolved stress to the total surface stress, figure 3 shows the partitioning of ;¢
into its parametrized and resolved components for both the UM and IFS. Note that the magnitude of the individual
components of the surface stress (t,¢5, Tsso and 15;) do not add up to the total surface stress magnitude (1;¢), since
Ttor IS the magnitude of the vector sum. This implies that the surface stress components are not parallel and that,
while 7;,; may be similar across resolutions, the direction is not necessarily the same. Figure 3 shows that, despite
the fact that the UM and the IFS have significantly different dynamic formulations (e.g. the UM is non-hydrostatic
and the IFS is hydrostatic), spatial discretisation (e.g. the UM employs a regular latitude-longitude horizontal grid and
a hybrid-height terrain following vertical coordinate, whereas, the IFS employs a spectral dynamical core and a sigma-
pressure vertical coordinate system), the resolved surface stress is remarkably similar in both models in terms of its
mean and variability. This suggests that most of the differences in 7, between the two models, although small on
average, must be a result of differences in the parametrized stress.

As was found in the studies of Sandu et al. (2016) and Zadra et al. (2013), the breakdown of the individual
parametrized components (Figure 3) confirms that the UM has much larger parametrized orographic blocking com-
pared with the IFS, which in turn has much larger boundary layer stress. This difference exemplifies the consequences
of having large uncertainties in drag schemes that are left open to tuning and, thus, compensation by other drag pro-
cesses. The similarity in the total surface stress may not be surprising, since these magnitudes have resulted from many
tuning iterations of the parametrized drag to maximise forecast skill. However, Figure 3 does demonstrate that the
periods of over and under-estimation of ¢, relative to the 2 km simulations, may be attributable to the difference in
the partitioning of the various subgrid processes. For example, between 17 and 19 December, the ratio of orographic
to boundary layer stresses is, in both models, larger than typical for the month. Whilst total stresses are generally
well represented by the UM, which has a large orographic component, they are underestimated by the IFS during
this period. On the other hand, between 29 and 31 December, the ratio of orographic to boundary layer stresses is

smaller than typical and, whilst the total stresses are somewhat overestimated in the IFS, they are underestimated in
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the UM, due to underestimated BL stresses. Other periods with a similar difference in partitioning can be identified
throughout the timeseries. In fact, there are very few periods where 7, in both models agree with each other and
with the 2km simulations. One such period is between 10 to 12 of December, during which the total surface stress
is dominated by the resolved component. This dependence of the variability of the total stress on the partitioning of
the parametrized drag suggests that changes in the flow regime, and the differences in the flow dependence (such as
different stability dependence) of the parametrized orographic drag and the boundary layer drag, may be the cause
of these alternating periods of over and under estimation of the total surface stress.

The total surface stress is important for understanding the overall surface-atmosphere exchange but the vertical
distribution of the gravity wave drag deposition will provide information on the accuracy of the gravity wave sat-
uration approximations within the parametrization schemes. Vertical profiles of the time-mean momentum fluxes
and zonal acceleration (drag) from resolved gravity waves, parametrized gravity waves and the total sum of the two
are shown in Figure 4 for the global 16 km and regional 2 km simulations. Between approximately 10-20 km ASL,
both the resolved and parametrized gravity momentum flux reduces substantially as the waves saturate and deposit
momentum in this layer. This rapid saturation with height is due to the fact that, within the mid-latitudes, there is
generally strong negative wind shear at these altitudes. As was the case for the total surface stress, the two models
produce very similar total gravity wave momentum fluxes and mean zonal wind forcing, with the vertical distribution
of the wave dissipation maximising at roughly the same altitude and reaching similar peak zonal wind deceleration of
approximately —0.26 ms~'day~". They both also compare well, in terms of vertical distribution, with the gravity wave
drag in the 2 km simulations. This is reassuring and gives us faith that the saturation hypothesis assumed in these
parametrizations is, on average, a good representation of the resolved wave saturation over this region. It is worth
noting that parametrizations that assume instantaneous wave propagation, monochromatic wave generation and dis-
sipate according to Lindzen (1981) are expected to perform well in regions of strong negative wind shear towards
zero (Kruse and Smith, 2018). This is due to the strong constraint that the rapid decrease in wind speeds, being close
to the critical level for orographic gravity waves, apply on the maximum altitude of wave propagation. This means
that issues associated with, for example, critical level filtering in directional wind shear are not prominent. However,
both models underestimate the total gravity wave drag magnitude by approximately 30%, the reasons for which will
be discussed in the subsequent sections.

Unlike the resolved surface stress, the resolved orographic gravity wave drag differs significantly between the UM
and the IFS. The UM has less resolved orographic gravity wave drag compared with the IFS and this difference is com-
pensated by the UM having more parametrized orographic gravity wave drag. Elvidge et al. (2019) showed that the fil-
tering of the resolved orography in the UM, which will likely affect the amplitude of resolved orographic gravity waves,
is much stronger than that employed in the IFS. This may explain why the UM has less resolved orographic gravity wave
drag compared with the IFS. While these differences in partitioning between resolved and parametrized orographic
gravity wave drag may seem inconsequential, studies have shown that having different contributions from resolved
and parametrized gravity wave drag can be important for the variability of the atmosphere and for the strength of the

stratosphere-troposphere coupling (e.g. Polichtchouk et al. (2018)).

3.2 | Assessment of parametrized and resolved orographic drag across resolutions

Weather and climate models are required to perform well across many different resolutions, and are run across differ-
ent timescales and over particular regions. It is desirable to maintain a single physics configuration across resolutions,
since this promotes traceability of model errors and avoids retuning at each resolution. This means that the schemes

need to be well behaved and perform 'seamlessly’ as the model resolution is varied. The ability of the model to maintain
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constant total surface stresses and gravity wave momentum fluxes across resolutions is a good test of the seamless-
ness of drag parametrization schemes. As the resolved drag likely reduces at coarser resolutions, the parametrized
drag should increase to counteract this. This section examines the seamlessness of the representation of drag in the
UM across resolutions ranging from 2 km to 32 km, spanning the resolutions used in regional NWP to those used in
global ensemble forecasting.

The time-mean total surface stresses and its individual components in the regional simulations across resolutions
are shown in Figure 5 (a). The total surface stress is relatively well behaved across resolutions, since it remains some-
what constant. However, a slight increase in total surface stress at the coarsest resolution (32 km UM) is evident. This
is due to the increasing parameterized orographic blocking (r/«) dominating over decreasing resolved orographic and
parametrized boundary layer stresses. The boundary layer parametrization accounts for drag processes that are unre-
solved at the resolutions considered here, i.e. turbulence and orographic form drag. This decrease is, therefore, likely
due to the fact that the increased orographic blocking drag with coarser resolution decelerates the low-level winds,
which the boundary layer drag depends on, leading to less boundary layer drag. The resolved orographic stress only
decreases slightly at coarser resolution due to the fact that it is dominated by the large scales (i.e. O(100km)), which
are already well resolved at a grid spacing of 32 km. It is evident that the gravity wave component of the orographic
drag parametrization contributes only a small amount to the total surface stress. For the same reason as was given for
Figure 3, the individual components of the surface stress vector magnitude do not add up to the total surface stress
magnitude in Figure 5(a). Analysis of the zonal and meridional components of the surface stress reveal that the 7,¢s
vector is almost perpendicular to the parameterized vectors (not shown), i.e. 755, and 7p;, which would explain why it
is in excess of 7;,; during particular periods. What is more, the total stress vector rotates by ~ 20° clockwise in going
from Ax = 2km to Ax = 32km.

The degree to which the time-mean and variability of the total orographic stress present in the 2 km UM is
captured in the low resolution simulations becomes increasingly dependent on the orographic drag parametrization
at coarser resolutions. Figure 6(a) shows a timeseries of the total surface stress, and its individual components, in
the 32km UM alongside the total surface stress in the 2 km UM. The time-mean and temporal correlation with the
2 km UM of the total surface stress in the 32 km UM is also stated in Table 1. As is the case for the global 16 km
simulations discussed in section 3.1, the variability in the 32 km UM is very similar to the 2 km UM, with a correlation
coefficient of 0.966. This implies that, despite the parametrization being a dominant contribution to the model’s
surface momentum budget, it is able to accurately capture the variability of the explicitly resolved surface stress. This
is particularly important towards the end of the month, when the contribution from the resolved and parametrized
orographic stress is almost equal. In this case, with the parameter settings used operationally across all configurations
of the UM, the parametrization scheme is able to represent the resolved orographic surface stress but it is likely that

other orographic regions require different tuning, as was found in Vosper (2015) and Vosper et al. (2016).

Despite its small contribution to the total surface stress, the momentum deposited by orographic gravity waves
in the free atmosphere can be substantial and plays an important role in the circulation of the stratosphere, which
acts as a source of memory for the atmospheric system (Osprey et al., 2010). An assessment of its contribution across
resolutions is, therefore, highly relevant to longer-range (e.g. seasonal) forecasting. The variation with resolution of the
total gravity wave momentum flux vector magnitude at 7 km ASL, and the breakdown into resolved and parametrized
components, is shown in Figure 5(b). As is to be expected, the resolved flux reduces with coarser resolution. However,
the parametrized flux remains almost constant at grid spacing larger than 4 km, leading to an underestimation of the
total gravity momentum flux at coarser resolutions. This is consistent with the global 16 km simulations of the UM and
the IFS described in section 3.1 and with the findings of van Niekerk et al. (2018), who showed that an underestimation

of the orographic gravity wave drag in the lower stratosphere leads to large systematic errors in the lower stratospheric
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zonal winds at resolutions ranging from 16 km to 150 km.

The parametrized gravity wave flux dominates over the resolved flux at coarser resolutions, the implication of
which is that the model is highly reliant on the gravity wave drag parametrization to capture the variability within the
free atmosphere. A timeseries comparing the total, resolved and parametrized gravity wave momentum flux magni-
tudes at 7 km ASL with the total in the 2 km simulations is shown in Figure 6(b). The parametrization does a remark-
able job at capturing the variability of the resolved gravity waves at higher resolution. There are periods in which the
parametrization is clearly underestimating the momentum fluxes, particularly during the middle portion of the month.
The orographic gravity wave drag parametrization does, however, capture the highly intermittent behaviour that may
be important for the long-term atmospheric variability and mean state of the stratosphere, as has been shown to be
the case for non-orographic gravity wave drag (de La Camara et al., 2016).

The lack of resolution sensitivity in the parametrized orographic gravity wave momentum fluxes can be explained
by examining the formulation of the orographic drag parametrization and how it partitions the drag into contributions
from low-level blocking and gravity wave generation. In particular, the formulation of the scheme is such that the
parametrized momentum flux is insensitive to resolution when the flow is in the partially blocked flow regime (see
Vosper (2015) for further details of the formulation). This is due to the fact that, in this regime, the gravity wave
amplitude is limited to the effective mountain height (h¢rf), i.e. the proportion of the mountain that is able to generate
waves. In the UM, this is given by herr = min(h, NLFC), where h is the height of the sub-grid mountains, U and N are
the wind speed and stability averaged over the height of the sub-grid mountains and F; is the critical Froude number,

a parameter currently set to 4 in the UM. The depth of the blocked layer is given by Z, = h — hgrr. In the IFS, the
N(z)
U(z)

where H,.,;; is some critical value and N and U vary with height rather than being depth averaged. The expression for

2
eff

formulation is similar but Z, is computed through iteratively solving the inequality /Z/7blk dz > Hepir for Zp,

the gravity wave surface stress is proportional to A%, , and in the direction of the surface wind it is of the form:

1 o
Tgwd = 4PsUsNs—hc,GB (5)

where ps, Us and N; are near-surface averaged density, winds and stability, respectively. a is the mean slope of the
sub-grid orography, o is the standard deviation of the sub-grid orography, G is a constant tuning coefficient and B is a

function of the subgrid mountain anisotropy. On inspection of the expression for h.¢r it becomes evident that, in the

U
NF

flux becomes independent of the sub-grid mountain height. Consequently, if the flow is frequently in a blocked flow

case where the flow is partially blocked (h > NLFC), herf = and the expression for the gravity wave momentum
regime over most of the domain and the depth-averaged near-surface winds and stability do not exhibit significant
resolution dependence, then the gravity wave momentum flux can only vary with resolution through a/c. On the
other hand, the blocked layer depth (Z,) is still able to scale with the sub-grid mountain height. The sensitivity of
the surface stress and gravity wave momentum flux to o and « fields used in global NWP models are demonstrated
in Elvidge et al. (2019), and the transition of gravity wave stress between sub-critical (h < NLFC) and super-critical
(h > NLFC) flow regimes is discussed and illustrated in their Figure 8c.

Figure 7(a) shows the ratio of the domain that is in a blocked flow regime on average over the period of integra-
tion, i.e. the percentage of the domain over which A > NLFC where NLFC is a time averaged quantity. Evidently, the
flow is in a blocked regime over the majority of the domain considered. Figures 7(a) also shows that U/N does not
change substantially with model resolution. This implies that the parametrized momentum fluxes can only scale with
resolution via a/c, which is plotted as a function of grid spacing in Figure 7(b). Comparing this with the change in

gravity wave momentum flux across resolutions, shown in figure 5(b), it is clear that the variation of the parametrized
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gravity wave momentum fluxes with resolution is reflected in a/o. Note that the parametrized orographic blocking
stress is still able to scale with the sub-grid mountain height, which explains why we see a monotonic increase in the
parametrized blocking stress at coarser resolutions. It is likely that a value of F. = 4 leads to a too frequent occurrence
of flow blocking, which generally increases with coarser resolution (see Figure5(b)). This would be consistent with the
fact that the blocking surface stress increases too rapidly with coarser resolution. However, in order to fully under-
stand this behaviour it is necessary to consider the resolution sensitivity and the physical meaning of a /o, delineated
below.

The expression for the gravity wave surface stress vector in a zonal flow that is constant with height is given in
spectral space by (Phillips, 1984; Teixeira, 2014):

?:A“147r2pNU/ / iu?(k, N|?dkdi (6)
— J-co |k

where A is the area of the domain, k = (k, 1) is the wavenumber vector and A(k, /) is the two-dimensional Fourier
transform of the orography. The parametrization assumes that the subgrid orography is made up of several elliptical

mountains each given by A(x, y) = where h is the maximum height of the mountain and a and 6 are

_____h
(1+(x/2)2+(y/6)2)3/2’
the half-widths in the x and y direction, respectively. In a flow aligned with the x-axis, the stress in the x direction

for one single elliptical mountain becomes:
= A" pNUbHGB 7

To determine the total stress from several elliptical mountains, the expression is multiplied by ﬁ, i.e. the number of
mountains in the grid box. This gives the expression:

1 2
Tx pNUhK G (8)

The half-width a is then estimated as o /«, i.e. the standard deviation of the subgrid orography divided by the mean
slope. Upon substituting a2 = o/a, this becomes the expression for the parametrized gravity wave stress as given
by Equation 5. o/« is, therefore, an indication of the mean half-width of the subgrid mountains, calculated so as to
determine the number of mountains within a grid-box. From Figure 7(b), we see that this mean half-width increases
at lower resolutions, as may be expected from the fact that the sub-grid mountains are getting larger. The jump from
4km to 2km is due to the fact that a pre-filtering of the sub-grid orographic fields removes scales smaller than 6km.
This is done so as to remove sub-grid variability that is not able to generate vertically propagating gravity waves.
Smoothing of the small-scale slopes thus leads to large sub-grid length-scales relative to the 2km resolved orography.
This is confirmed in Figure 7(b), in which the a /o fields are also plotted with this pre-filtering removed. The removal
of this filtering generally reduces the sub-grid wavelengths but also removes the jump between resolutions of 4km
and 2km.

The factor 1/a = a /o is analogous to the zonal wavenumber (k = 1/(2a)) in Equation 6 if one considers a surface
corrugation with only one single length scale of the mountain (Nappo, 2002). This monochromatic wave assumption
is commonly made in gravity wave drag parametrizations, including those used in the UM and IFS. As the length scale

of the orography (o/a) increases at coarser resolutions (Figure 7(b)), the single wavenumber accounted for by the
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parametrization scheme decreases. Combined with the fact that the resolved gravity wave momentum fluxes reduce
at coarser resolutions, this results in a large decrease of the total gravity wave stress at coarse resolutions. Clearly, this
formulation of the gravity wave drag does not allow the parametrized orographic gravity wave momentum flux to vary
accurately with resolution and, by design, it cannot compensate for the loss off explicitly resolved momentum flux
at coarser resolution. Other parametrizations such as those described by Kim and Doyle (2005) and Pierrehumbert
(1986), which calculate a characteristic length-scale of the unresolved orography and use this to compute the number
of sub-grid mountains within the grid-box, are likely to experience similar resolution sensitivities. Further justification
for why this representation is inappropriate is discussed in the following section.

3.3 | Orographic gravity wave drag momentum flux scale contributions

So far, we have shown that the high resolution simulations can provide some constraint on the time-mean total and the
variability of the parametrized orographic stress. Further insight into the behaviour of orographic gravity waves across
different scales can be gained by performing a spectral analysis of the resolved orographic gravity wave momentum
fluxes. This not only provides knowledge of which scales are being resolved but, consequently, also which scales need
to be accounted for by the parametrization.

The co-spectra of the total momentum flux at 5km ASL are shown in Figure 8 for the various different horizontal
resolutions. These were produced using the high pass filtered velocity perturbations, using the method described in
Kruse and Smith (2015). The contributions are then computed in spectral space using:

Tros = | A 4np0 / / (@, ")wdkdi|, 9)

where () is the two-dimensional Fourier transform and (*) denotes the complex conjugate. The two-dimensional mo-
mentum flux contributions are then binned into total wavenumber bands. Note that Figure 8(a) has a linear wavenum-
ber axis, while 8(b) has a logarithmic axis and the flux is multiplied by the total wavenumber, |/?|, in order that the
area under the curve is representative of the total momentum flux contribution from each wavenumber band (see
Pope et al. (2000), their equation 2.262). The peak of the momentum flux occurs at a wavelength of about 400 km,
which should be a large enough scale to be accurately resolved by the lower resolution models. While the larger scale
waves tend to produce the largest amplitude momentum fluxes, they are only a narrow contribution towards the total
wave spectrum (most notable in Figure 8(a)). In fact, the contribution from the high wavenumbers makes up a large
part of the total resolved momentum flux at the higher resolutions. This is better illustrated in Figure 8(b), in which
the area under the curve for scales smaller than ~80 km is approximately equal to that for scale larger than ~80 km
at a resolution of 2 km. The increase in momentum flux at higher resolution is, therefore, as a result of increased
momentum flux from smaller scales. This is also evident from Figure 5(b), in which the total resolved gravity wave
momentum flux more than doubles between resolutions of 16km and 2km and increases sharply between 8km and
2km.

There is also no clear dominant wavenumber band at scales smaller than 100km in the high resolution simula-
tions, with the tail of the spectrum plateauing in Figure 8(a). The momentum fluxes produced by wavelengths shorter
than 100 km, but large enough to be hydrostatically balanced, therefore, carry somewhat equal momentum. This has
interesting implications for the monochromatic wave assumption made in gravity wave drag parametrizations. These
schemes implicitly assume that the small-scale waves produce a negligible amount of momentum flux compared with

the dominant scale (given by a /o). However, the broad spectrum of small-scale waves produced by the Rocky moun-
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tains are demonstrably of significant importance to the total gravity wave momentum flux. The spectrum, along with
Equation 6, suggest that, in order for the gravity wave drag scheme to behave ‘seamlessly’, it should account for the
integral of the gravity wave momentum flux over all of the sub-grid scales rather than just the dominant scale.

Two further interesting observations from the spectra in Figure 8 can be made. Firstly, the reduction in the
momentum flux at higher wavenumbers that is seen in the coarser resolution simulations occurs at much larger scales
than the grid-scale. For example, in Figure 8(b) the momentum flux in the 32 km simulation begins to reduce relative
to the 2 km simulations’ at scales smaller than about 150 km. Similarly, the momentum fluxes in the 16 km simulations
drop off rapidly at scales smaller than ~100 km, the 8km simulations drop off at scales smaller than ~60 km and the
4 km simulations drop off at scales smaller than ~50 km. That is roughly between 5 and 8 times the grid scale, which
is consistent with the effective resolution estimated from other studies (e.g. Davies and Brown, 2001; Vosper et al.,
2016). For the gravity wave drag parametrization to scale accurately with resolution it, therefore, needs to not only
account for the correct sub-grid scales but also for those that are not fully resolved by the model dynamics, i.e. those

5 to 8 times the grid-scale.

The other point to note from Figure 8 is that the momentum flux contributions from the large wavelengths reduce
as the grid size reduces. For example, comparing the momentum fluxes in the wavelength band 800 km to 200 km in
the 32 km simulations with those in the 2 km simulations, there is a clear decrease in the amplitude with smaller grid
spacing. This behaviour is unexpected, since one expects the large scales to be well resolved at all the resolutions
considered and, thus, only changes in the small scales should be seen. Three reasons for why this may occur are:

(i) The small scale gravity waves lead to a change in the large-scale mean flow, causing a feedback onto the large-
scale waves

(ii) At coarser horizontal resolutions, the model is not able to accurately represent some of the grid-scale waves and,
as a result, they are aliased onto the smallest resolveable scale

(iii) The low-level drag is larger at coarser resolutions (as is evident from Figure 5(b)) which reduces the low level
winds. This causes the flow to become more ’envelope following’ as opposed to ‘terrain following’, as described

below.

The phenomenon in (iii) was observed in the DEEPWAVE field campaign (Smith et al., 2016), during which the
wave spectrum was observed to shift to larger scales during weak wind events and to smaller scales during strong wind
events. Smith et al. (2016) attributed this to the flow being more able to penetrate into the valleys of the mountains
during the strong wind events, thus being described as ‘terrain following’ and generating waves at smaller scales. On
the other hand, the weak wind events led to pooling of air in the valleys, the flow skimming over the tops of the valleys
and being described as 'envelope following’ The waves were, consequently, generated on larger scales.

While it is difficult to discount the first two hypotheses using our current model setup, the final hypothesis can
be tested by switching off the parametrized orographic drag at the coarser resolutions. We expect that, as the surface
winds increase with reduced drag, the flow should become more ‘terrain following’ and we should observe a decrease
in momentum fluxes at the large wavelengths, accompanied by an increase at small wavelengths. Figure 8 shows the
spectrum of the momentum fluxes in the 32km regional UM simulation with the parametrized orographic drag turned
off. There is a clear decrease in the power at large wavelengths but no clear increase at small wavelengths. This may
be as a result of the horizontal resolution limiting the generation of waves at small scales. Although these results are
inconclusive, they do suggest that hypothesis (iii) is plausible and illustrate a strong interaction between the resolved

gravity waves and the parametrized orographic drag, as was also found in van Niekerk et al. (2018).



Vosper et al. 13

4 | CONCLUSIONS

The work presented here demonstrates the significant value of high resolution simulations over complex terrain for un-
derstanding the accuracy of and deficiencies in orographic drag parametrizations. A comparison of drag components
in low resolution simulations, in which a large proportion of the drag is parametrized, with those in higher resolution
simulations, in which the orography and atmospheric processes are better resolved, has provided a constraint on the
time-mean and the variability of orographic surface stress and gravity wave momentum flux. In the first part of this
study, the drag components in two global models, the UM and the IFS, at approximately 16 km horizontal resolution
were evaluated in this way. Both the mean and variability of the total orographic stress at the surface was found to
compare well with the highest resolution simulations. Neither model exhibited a systematic over or under estima-
tion of the total surface stress. The partitioning of the parametrized stress into boundary layer and orographic stress
was found to vary greatly between the two models, with the UM having more parametrized orographic stress com-
pared with boundary layer stress and the IFS having the opposite, corroborating previous studies (Sandu et al., 2016;
Zadra et al., 2013). Although difficult to quantify definitively, the accuracy of the total surface stress during particular
periods had an apparent dependence on the partitioning of the parametrized surface stress. This suggests that the
different flow dependence between the boundary layer and orographic drag parametrization may have an impact on
the forecast skill during specific atmospheric regimes.

An important aspect of the orographic gravity wave drag parametrization scheme is its ability to accurately de-
posit momentum in the lower stratosphere. The vertical distribution of the total orographic gravity wave stress and
drag in the global UM and IFS was shown to compare well with the total in the 2 km simulations. However, an under-
estimation of the orographic gravity wave drag was identified in both the UM and the IFS. Moreover, the partitioning
of the resolved and parametrized orographic gravity wave drag differed in the two models, with the UM having more
parametrized orographic gravity wave drag in place of resolved gravity wave drag. The high level of accuracy of the
parametrized orographic drag in the two models at a resolution of 16 km can be attributed to many iterations of tun-
ing to minimise the forecast error in the winds, temperatures and surface pressure. This study has shown how high
resolution simulations may be a means of avoiding the many iterations of tuning, in favour of a more direct approach

to constraining the magnitude of the parametrized orographic drag.

The seamlessness of the orographic drag parametrization was then examined by comparing the various differ-
ent components of the stress across resolutions. While the total time-mean surface stress was shown to be almost
independent of resolution (apart from at the lowest resolution considered), the total gravity wave momentum flux
was not and was found to decrease at lower resolutions. This was attributed to a lack of resolution sensitivity in the
parametrized orographic gravity wave momentum flux. As the resolved flux decreased with coarser resolution, this
was not compensated by an increase in parametrized flux. The formulation of the gravity wave drag parametrization
is such that the parametrized flux is not able to increase at coarser resolution when the flow is in a blocked regime,
which it frequently is during the period considered here. It is possible that a re-tuning of the parametrization may
lead to improved scaling with resolution but we suggest that it is the monochromatic wave assumption made by
the parametrization scheme that prohibits it from being appropriately sensitive to resolution. This assertion was rein-
forced by a spectral decomposition of the resolved momentum fluxes. The complex orography of the Rocky mountains
was shown to produce a broad spectrum of waves carrying almost equal momentum across the smaller wavelengths,
implying that the monochromatic wave assumption is too crude for this region. These findings are consistent with
observed statistics from the DEEPWAVE campaign over New Zealand, where scales larger and smaller than 60 km
were found to contribute the same amount to the total momentum flux on average (Smith and Kruse (2017), their
Table 2).
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A possible solution to this problem would be to formulate a scheme which accounts for all of the sub-grid scales.
The natural choice would be to transform the sub-grid orography to spectral space, evaluate the momentum fluxes
across all the wavenumbers and deduce the total stress via Equation 6. Such a scheme may be prohibitively expensive
and, as a result, a simpler approach may need to be devised. Another way would be to assume some dependence
of mountain height on mountain scale and to use this function in the integral of (6). A similar approach is taken in
Garner (2005), in which an empirically derived relationship between the sub-grid mountain height and length-scale is
used when computing the grid-box mean of the ensemble of sub-grid mountains. One could also imagine a scheme
which uses the information about the dominant length-scale within the grid box that is currently used (namely a/o)
and assumes some drop-off in the momentum flux with horizontal scale, empirically derived from a high resolution
momentum flux spectrum (e.g. Figure 8) or from the orographic spectrum. For example, one could assume a spectrum
of the subgrid mountains that scales as |f1|2 oc h|l?|*5/3, which is quite close to reality (Uhrner, 2001; Beljaars et al.,
2004), and use equation (6) to derive an expression for the full spectrum of momentum fluxes. With appropriate
integral limits, this integral can be expressed in terms of the highest wavenumber accounted for by the parametrization
(i.e. kmax = J(—”m, thus removing wave scales close to the buoyancy frequency) and the lowest wavenumber that is
appropriate for each grid-box at a given resolution (i.e. ki, = sz"’). The evaluation of this integral is non-trivial in
two-dimensions but in one-dimension it is:

T A 21pNUA /: kB3dk = A7 2npNUh[3k1/3]f:jnx (10)
As the resolution becomes coarser, ki, decreases but k., remains the same and, as a result, the expression for
the stress becomes larger. A formulation of this kind would then, at least, provide some resolution sensitivity of the
orographic gravity wave parametrization that accounts for the spectrum of waves generated by the topography. In
the case of a blocked flow regime, the amplitude of the stress could then also be limited to the effective mountain
height,i.e. h = herr = (NLFC)Z Other aspects of the monochromatic wave assumption, such as the variable horizontal
direction of the wave vectors and vertical group speed, could also be relaxed but, for simplicity, one could assume
that they were equal for all wavenumbers.

Other interesting features of the gravity wave momentum flux spectrum were also identified: the effective reso-
lution of the model is roughly 5 to 8 times the grid-length; and at increasing resolutions the momentum fluxes from
large-scale gravity waves reduced. It is unclear exactly why this reduction at the large scales occurs but tests sug-
gest that this may be due to the interaction with parametrized drag, perhaps as a result of the additional low-level
drag at coarser resolutions. Current parametrizations assume some scale separation between what is resolved and
parametrized. The change in the momentum flux contributions from the large scales as the resolution increases exem-
plifies the difficulties associated with this assumption, i.e. the ‘greyzone’ problem. While the scales of the momentum
fluxes at the different resolutions may help to inform the parametrization schemes, they are also of interest in them-
selves. This is because the direction and speed of propagation of the waves can depend not only on the background
flow but also on the scale of the waves. For example, shorter horizontal wavelength waves propagate faster in the ver-
tical (Kruse and Smith, 2018) and are more readily refracted (Amemiya and Sato, 2016). This means that, although not

investigated here, the scales of the resolved waves could have an impact on the large-scale atmospheric circulation.
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TABLE 1 The time-mean (middle row) and temporal correlation with the regional 2 km UM (bottom row) of the
total surface stress in the global 16 km IFS, global 16 km UM, regional 32 km UM and regional 2 km UM.

Global IFS GlobalUM 32kmUM 2km UM
Ttor (Pa) 0.268 0.240 0.279 0.265
corr[ttot, Trot(2km)] 0.822 0.912 0.966 1.00

Surface Height ( 2km Regional UM )

4500
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X

1000

500
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A, R o

FIGURE 1 Domain used for global and regional model evaluation. Colour shading shows model orographic
height in the 2 km regional UM simulation. To illustrate the scale, a distance of 1000 km is shown.
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FIGURE 2 Time series of the total surface stress 7 in the global 16km UM (solid black), global 16 km IFS
(dashed black) and regional 2 km UM (solid red).
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FIGURE 3 Time series of the resolved surface stress 7,5 (solid black), parametrized orographic surface stress
Tsso (solid red), parametrized boundary layer surface stress 7, (solid green) and total surface stress 7;,; (solid blue)
for (a) global 16 km UM and (b) global 16 km IFS. The total surface stress for the regional 2 km UM, 1;:A = 2km, is
also shown in both panels (dashed blue).
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FIGURE 4 Time mean vertical profile of resolved (dotted), parametrized (dashed) and total (solid) (a) vertical flux
of zonal momentum (see Equation 3) and (b) vertical divergence of zonal momentum flux (see Equation 4) in the
global 16km UM (black), global 16km IFS (red) and regional 2km UM (blue).
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FIGURE 5

(b) Momentum Flux at 7km ASL
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(a) Variation with horizontal resolution of 7, (black open circles), 755, (red open squares), 7, (green

open diamonds), ¢, (blue open triangles), 7,4 and 7,x at the surface for the regional UM simulations. Resolved
surface stress (black filled circle) and parametrized orographic drag (red filled square) for the 22km global driving
model is also shown. (b) Variation with horizontal resolution of 7,¢s (black open circles), 7,,,4 (red open squares) and
740t (blue open triangles) at 7 km ASL the regional UM simulations.
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FIGURE 6 (a) Time series of 1,5 (solid black), 7,5, (solid red), 7, (solid green) and t;,; (solid blue) at the surface
for the 32km regional UM simulations. 1, at the surface is shown for the 2km regional UM (dashed blue). (b) Time
series of 7¢s (solid black), 7,4 (solid red) and 7, (solid blue) at 7 km ASL for the 32km regional UM simulations.
Tsor at 7 km ASL is shown for the 2km regional UM (dashed blue).
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FIGURE 7 (a) Variation with horizontal resolution of the depth averaged U/N over the Rockies domain (black
open circles), with values shown on left hand axis, and the percentage of the domain that is in a blocked flow regime
on average during the period of simulation (blue open squares), with values shown on right hand axis. i.e. % of
domain that is in blocked flow regime is the % of domain in which A > NLFC see section 3.2 for details. (b) Variation
with horizontal resolution of a/c with standard pre-filtering of the source orography (black open squares) and
without the pre-filtering (blue open circles) averaged over the Rockies domain. The inverse, o/a, is shown on the
right-hand axis to aid interpretation of the half-width a of the sub-grid orography.
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Regional UM
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FIGURE 8 Spectral contributions to the resolved momentum flux as a function of total horizontal wavenumber
(1K) at 5km ASL. (a) Flux against |k| using a linear x-axis. (b) Flux multiplied by |k| using a log x-axis. In both (a) and
(b) the area under the curves represent the contribution towards the momentum fluxes from a particular
wavenumber band. The spectrum is shown for all the regional simulations at different horizontal resolutions,
including the 32km simulation with parametrized orographic drag turned off, as given by the legend. A number of
wavelength values are marked with dashed lines.



