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1. Introduction

Topography exerts an opposing drag force on atmospheric flow via three main processes: 1) gravity
waves that propagate upward and break at various levels, 2) blocking at low levels if the flow has
insufficient kinetic energy to make it over the mountains, but must instead go around them, and 3)
turbulent form drag in the planetary boundary layer (PBL) caused by turbulent pressure perturbations
induced by the terrain. The first process, gravity wave drag (GWD), can be resolved by the dynamical
cores of atmospheric models as long as the spatial resolution, both horizontally and vertically, are
sufficient to resolve the gravity waves. GWD due to unresolved, subgrid scale terrain must be
parameterized. The free atmosphere supports orographic gravity waves over a wide range of spatial scales
from ~5 km to 100’s of km in the horizontal, commensurate with the scales of the topography that
generate them. This presents a challenge to the development of orographic GWD (OGWD)
parameterizations due to this wide “gray scale”, where GWD is partly resolved and partly parameterized
(Sandu et al. 2019). Representing the “missing drag” from subgrid scale GWD is essential to accurately
forecasting the zonal circulation in global models and alleviating the high westerly windspeed biases and
associated “cold pole” problems that develop without parameterized GWD (Kim et al. 2003).

Topography with horizontal scales as small as ~1 km can support vertically propagating gravity waves
under very stable conditions, such as those associated with nocturnal PBLs. These waves often break at
the PBL top and impart their momentum at this level, causing a drag force. Recently, parameterizations
that model this effect have been developed (e.g., Steeneveld et al. 2008; Tsiringakis et al. 2017), and these
help to improve surface windspeed biases, particularly at night. Such small-scale terrain variations also
exert form drag on the PBL winds. This is not to be confused with the tangential drag force calculated by
surface layer parameterizations, but rather is the force normal to the terrain surface induced by turbulent
pressure perturbations. These develop as a result of the terrain in such a way that the terrain slope and
perturbation pressure become positively correlated, resulting in an opposing drag force (e.g., Beljaars et al.
2004). Finally, the parameterization of low-level flow blocking by subgrid-scale terrain is essential for
accurate predictions of the near-surface winds, and has been deployed in Numerical Weather Prediction
(NWP) models for a number of decades (e.g., Lott and Miller 1997; Kim and Doyle 2005).

Non-orographic, subgrid-scale gravity wave sources must also be parameterized to ensure realistic
forecasts of winds in the middle atmosphere. These sources include deep convection, frontal instability,
and stratified shear instability associated with the tropospheric jet. NOAA’s NWP models have integrated
parameterizations for these non-stationary gravity wave drag effects.

All of these drag-related impacts on the atmospheric flow are meant to be represented within a single
physics parameterization suite for use in operational weather forecasting. This memorandum documents
each component of the Unified Gravity Wave Physics (UGWP) Suite that is being developed within the
framework of NOAA'’s Unified Forecast System (UFS). Examples of performance are included in this
document. Related information, such as proper generation of the necessary static fields required to use the
UGWP suite and configuration of the suite within the context of the Common Community Physics
Package (CCPP) is also provided.



2. UGWP components

The UGWP suite is a set of physical parameterizations combined in a single CCPP physics module (see
Heinzeller et al. (2022) and Zhang et al. (2022) for descriptions of the CCPP). The schemes include the
non-stationary gravity wave drag parameterization used in the GFSv16, and the Global Systems
Laboratory (GSL) orographic drag suite, which consists of the four orographic physical parameterizations,
described in the Introduction. The GSL orographic drag suite is used in the operational RAPv5 and
HRRRv4 models at NCEP, and is being tested in the latest prototype for the next version of the FV3GFS
(version 17). The following subsections describe the highlights of each drag scheme, and point out
changes we have made to them from their originally published forms. The references should be consulted
for full details of the schemes.

In the following subsections, the momentum flux, or wave stress, T, will be discussed. The tendency of
the velocity in each of the x and y directions are given by the vertical divergence of the stress from each
component, which can be written
() oot
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where p is the air density and 7» and 7, are the x- and y-components of the wave stress, respectively.

2.1 Mesoscale gravity wave drag parameterization

The OGWD parameterization developed by Kim and Arakawa (1995), and later modified by Kim and
Doyle (2005, hereafter KDO05) and Choi and Hong (2015), calculates the drag from gravity waves forced
by flow over subgrid-scale topography. Gravity waves propagate vertically and amplify with height, as
the atmospheric density decreases, until they reach a level at which they overturn and break. The scheme
determines the heights at which these waves break and deposits momentum at the corresponding model
levels, producing a drag force in the direction opposite to the low-level flow direction. Below the wave-
breaking levels, the wave vertical flux of horizontal momentum is constant with height (Holton 2004), and
there is no drag force. The horizontal wavelengths at which mesoscale gravity waves may propagate
vertically as internal waves in the free atmosphere ranges from 100’s of kilometers down to approximately
5 km (Beljaars 2004). For topographic variations smaller than ~5 km, the waves that develop are typically
evanescent, and do not transfer momentum or energy upward (Holton 2004).

The first step of the algorithm is to calculate the subgrid GWD stress at a reference level /rer above the
surface, and to propagate this wave momentum flux upward model layer by model layer, using the
resolved model sounding of the column, until a level is found at which the wave induces static instability.
It is assumed that the wave begins to break at this level, and the momentum flux is reduced before passing
upward to the next level. The “wave saturation” hypothesis of Lindzen (1981) provides the theoretical
background for the momentum deposition calculation. Note that if no level is found at which the wave
would break, then the GWD parameterization produces no drag in the column.

The reference level where the GW flux originates is defined as /Arer = max(20 ,hpBL), Where o is the
standard deviation of the subgrid topography, and /psL is the PBL depth. Following KDO05, the GWD
stress at the reference level is given by
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where po is the low-level air density, N is the Brunt-Viisild frequency, U is the low-level horizontal wind
speed, m is the “number of mountains”, OA is a measure of the asymmetry of the subgrid topography
(defined in KDOS5), L« is the “effective orographic length” of the subgrid topography (defined in KDO05),
OC is the “orographic convexity”, which is the kurtosis of the subgrid topography (a measure of the
sharpness of the mountains, defined in KDO5), and Ce = 0.8 and Cc = 0.5, which were calibrated with
mesoscale simulations in Kim and Arakawa (1995). The Froude numbers in (3), which are actually
inverse Froude numbers as per KDO05, are expressed as

Fro = h=20D, (4)
0

where /=20, , and OD is the “orographic direction” representing the orographic anisotropy (defined in
KDO5), and Fr, (=0.8) is a prescribed critical Froude number. Finally, A4 is the “effective grid length”,
which is basically used as a tuning coefficient.

The subgrid wave stress is then propagated upward, and using the resolved atmospheric state that the wave
encounters at each level in the column, it is determined whether the wave results in instability and
breaking. Following Palmer et al. (1986) and Pierrehumbert (1986), the subgrid wave-induced vertical
displacement height (44) of a fluid parcel at model level &, given the momentum flux 7 at the level below
(k-1), is given by
2y _ Ax Tk
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where Ax is the horizontal grid spacing, and Nk = (g/6v)x(06v/0z)k, where Oy is the virtual potential
temperature. The value of /4 is then used to calculate the minimum Richardson number defined by
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Note that the horizontal wind speed U at all levels is that which is projected onto the low-level wind
direction, i.e., where the wave is generated. The critical Richarson number, below which it is assumed
there is subgrid-scale instability, is given by Ric=0.25. If Rim > Ric, there is no instability and 7 is
unchanged for the next model level. If Ri,, < Ri, then, following the wave saturation hypothesis of
Lindzen (1981), the vertical wave displacement is limited to a critical value calculated by substituting the
critical Richardson number (Ri.==0.25) into (6) to give

(ha)e == [2 (2 + %)5 —2 (2 + %)l (8)

This value is used to calculate the wave stress 7 at the next model level using (5) with the level indices
advanced to £ +1.



There are basically two outcomes from the above algorithm: 1) a critical level is met, i.e., where U0, and
the wave breaks and deposits its momentum at that level, or 2) no critical level is met and there is no
GWD in the column (this may occur due to increasing U with height, in which the wave can no longer
propagate and becomes evanescent).

We have added a third outcome to the above algorithm by introducing a new step that prevents unlimited
growth of the calculated surface stress with increasing near-surface wind speed. From linear theory
(Holton 2004), when the near-surface wind speed Uj, is greater than Ny/kg, where kg is the topographic
horizontal wave number, the gravity waves are evanescent, that is, their amplitude decays with height and
they do not transfer momentum or energy to the mean flow. To test for this condition we assume a
maximum subgrid mountain wavelength equal to half the horizontal grid spacing to calculate k5. The

OGWD is set to zero in the column when the condition is met.

The model code we use for the OGWD scheme originated from the Weather Research and Forecasting
(WRF) model (Skamarock et al. 2019). We modified the scheme to be scale aware at the gray zone
horizontal resolutions. The effects of the horizontal grid resolution on the strength of the parameterized
GWD is accounted for in two ways: 1) the larger the grid box area, the larger the sample of subgrid
topography within each box, and the larger the standard deviation g, and 2) we multiply the surface
stress calculated in (2) by the following coefficient, which tapers the subgrid stress when the horizontal
resolution falls within the gray scale for subgrid GWD:

(1, for Ax = (Ax) max;
1 . Ax_l[(Ax)max*'(Ax)min]
Ceaper = !5<sm {n (Zx)max_(Ax)min } + 1>, for (Ax) pax > Ax = (AX) min; 9)
0, for Ax < (Ax) min;

where (Ax)max 1s the upper limit of the gray zone resolution (typically =~13km) and (Ax)min 1s the lower
limit of the gray scale resolution (typically =23km). Note that 5-13km contains most of the variation of the
strength of the parameterized drag, but it may extend to larger grid spacing (e.g., ~50km) as the mean
characteristics of the subgrid terrain change with further coarsening of the grid spacing.

As orographically generated gravity waves propagate upward into the increasingly rarified atmosphere,
the velocity tendency associated with breaking waves has the potential to become exceedingly large (see
Eq. 1). In model testing with the 127-level FV3GFS, whose model top is at approximately 78 km,
parameterized wind tendencies occasionally became excessive above the stratopause due to the low air
density (~10~ — 10~ kg m™) and caused the wind to reverse direction in a single time step, leading to
model crashes. Such crashes (and sudden flow reversals) were prevented by decreasing the physics time
step by an order of magnitude, but of course, this is not a practical solution due to operational constraints.
In order to avoid sudden flow reversals, we reduce the velocity tendency at each time step, if necessary, to
a value that limits the percentage change of the velocity magnitude to a given threshold. Defining the
prescribed maximum percentage change as p (0 < u < 1), a tendency-limiting factor y is calculated as

: U
y = min (1,;1 26807 ), (10)
where dU/dt is the wind tendency calculated by the OGWD parameterization. The final tendency is
multiplied by y.




2.2 Low-level flow blocking

The representation of low-level flow blocking by subgrid-scale orography in the UGWP suite follows the
scheme of KDOS, as originally coded in the WRF-ARW. With the development of the GSL orographic
drag suite, the gray-scale tapering of Eq. (9) has been introduced. As with the OGWD scheme, the first
step is to calculate the surface stress, which, for blocking, is calculated as

1
Tk = EPOA%CdAfELkhBWOR (11)

where A2 is the grid cell area, Cq is a bulk drag coefficient (1), A,* is length of the grid cell in the cross-

wind direction, L represents the dominant subgrid-scale orography along the cross-wind direction, that
is, the effective orographic length Lx perpendicular to the wind direction, and finally, /s is the height of
the blocking level (see Fig. 1). The blocking level is the height above the surface of the lowest upstream
streamline that is able to flow over the subgrid-scale mountain, which is assumed to have a height of

H =205 The flow along this streamline has just sufficient kinetic energy (KE) to oppose the potential
energy (PE) associated with lifting an air parcel against the buoyancy force from the blocking height to the
mountain height. Below the blocking level, the flow must split and pass around the mountain, which
imparts a drag force on the flow. Following Alpert (2004), the PE at a given model level & (below the
mountain height H) is calculated by summing the buoyancy force times the layer thickness from & to Amn,
where kmm is the model level corresponding to the mountain height A, that is

(PE)i = T Nir(H = 2) (82)y01, (12)

where zx is the model level height and 6z is the model layer thickness. The KE at each level is
1

(KE)y =3 [(w)? + (vi)?]. (13)

The blocking height (%s) is found when (PE)r >(KE)x, that is when the flow does not have sufficient
kinetic energy to overcome the potential energy to make it over the mountain. The blocking height is used
in (11) to calculate the surface stress. The stress is then tapered linearly from the surface to the blocking
height as shown in Fig. 1. Note that the inclusion of moist processes in the calculation of blocking
potential has not yet been considered, but this will be explored in future versions of the UGWP.

H=20,

Z
Subgrid mountain \

Blocking
stress
profile

Figure 1. Schematic of low-level flow blocking features. Streamlines represent flow over and around the mountain.



23 Small-scale gravity wave drag

The small-scale GWD (SSGWD) scheme of Steenveld et al. (2008) and Tsiringakis et al. (2017) captures
the effects of gravity waves produced by horizontal terrain variations on scales down to ~1 km in length.
Such small-scale waves can propagate vertically under highly stable conditions, as in nocturnal PBLs.
The scheme is active for all horizontal grid spacings.

The first step is to calculate the surface stress (Twave) induced by the SSGWD, which is approximated from
linear theory (e.g., Holton 2004), by

ZpoksmH2NU, if ¥ > kg,
Twave = 3 v (14)
o if ¥ <k
U S

Where po is the near-surface air density, ks is the orographic wave number, H is the amplitude of the
subgrid-scale topography, N is the Brunt-Viisild frequency, and U is the mean wind speed at the PBL top.
As in KDOS5, the topographic amplitude is calculated as twice the standard deviation of the subgrid

topography (ay,), i.€.,
H = 20y, (15)

Tsiringakis et al. (2017) use m, “number of mountains” from (3) for the orographic wave number, ks. We
instead provide a direct estimate of the topographic wave number, which can be used as a “tuning
parameter”. The subgrid terrain consists of a spectrum of wave numbers, so providing a single wave
number is, of course, an oversimplification. As a starting point, we use ks = 0.0017 m'!, which
corresponds to a horizontal wavelength of 2 km.

In order to include only the effects of small-scale topography within a grid cell, the SSGWD scheme is
only active when the PBL height, 4, is greater than the subgrid topographic height, 2 .

The momentum flux at the surface is linearly distributed in the vertical up to the PBL top by the relation:

Twave (Z) = Tywave (0) (1 - %), forz < h. (16)

(Note that in Tsiringakis et al. (2017), the term on the RHS is raised to the second power.)

24 Turbulent orographic form drag

The turbulent orographic form drag (TOFD) parameterization is based on Beljaars et al. (2004), and
accounts for drag due to horizontal topographic variations on scales of 5 km and smaller. Prior to
implementation of the TOFD scheme, the turbulent effects of orography were often represented by
increasing the roughness length in the PBL scheme in an ad hoc manner. As small-scale orography
mainly effects the turbulent momentum transport, and not that of heat or moisture, the roughness lengths
for these scalar transports are maintained at their nominal value based on the land surface parameters. The
advantage of using the TOFD parameterization is that the orographic drag effects are physically



represented, and the roughness lengths for momentum transport may be returned to their standard value,
based on the land and vegetation types.

The theory behind TOFD is that the small-scale topography effects the turbulent flow in the PBL in such a
way that the turbulent pressure perturbation field becomes positively correlated with the slope of the
topography, such that a net force in opposition to the flow develops. In Beljaars et al. (2004), the drag
force is derived based on neutral PBL conditions, however, the form drag is applied under all conditions
of stability. Note that TOFD is not a gravity wave phenomenon, as it does not involve the vertical
transport of momentum and energy.

The expression for the form drag is based on an empirical breakdown of the topographic spectrum down
to wavelengths on the order of 10 m. Since there is no global topographic data at such a high resolution,
the Beljaars et al. (2004) extrapolates the power spectrum to this small scale from the available 1 km
global data set (see below). The expression for the momentum tendency due to form drag is given as a
function of height by

2 (%) = —aBCmaCeore UDIU(2)2.109 156/ 1500, 7712, (17)

where a=12, =1, Gna=0.005, C.orr=0.6, U is the horizontal wind vector, and a, = a,k; ™2,
where £=0.003 m%,a, = a}lt(IHk}‘;t)_l, k1t=0.00035 mL, m=-1.9, ;;=-2.8, [x=0.00102 mL, and o
is the standard deviation of the “filtered” subgrid topography described below in section 4.

2.5  Non-stationary gravity wave drag

Gravity waves generated by high-altitude, non-stationary sources, such as deep convection, frontal
instability, and stratified shear instability associated with the tropospheric jet, produce drag forces where
they dissipate in the upper stratosphere and mesosphere (e.g., Scinocca and Ford 2000; Scinocca 2003).
These waves are essential drivers of the zonal mean wind and temperature structure of the middle
atmosphere. Unlike their orographic counterparts, non-stationary gravity waves (NGW) have non-zero
horizontal phase speeds. Since they cannot be fully resolved by the model resolution, the drag produced
by NGW must be parameterized in numerical models.

The NGW drag parameterization in the UGWP was developed by Valery Yudin (Yudin et al. 2018) and is
based on the work of Scinocca (2003). An early version (“version 0”) is currently implemented in the
GFSv16 model. Here we describe the latest “version 1 development planned for the next GFS release.
The dispersion relation for linear, nonhydrostatic internal gravity waves with vertical wave number (m)
and horizontal wave number (%), is given by

2 NZ—(L)Z
m- = wZ_fZ

k2, (18)
where N is the buoyancy frequency, fis the Coriolis frequency, and w is the intrinsic frequency, i.e., the
wave frequency with respect to the moving fluid, given by
w = w, — kU, (19)
where U is the mean wind in the direction of the horizontal wave propagation, and w,, is the wave

frequency with respect to the ground. Note that w, = 0 for stationary, orographic GWs. By contrast, the
dispersion relation for hydrostatic gravity waves in the absence of rotation is
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Where c is the intrinsic phase speed of the gravity wave.

The NGW scheme of Scinocca (2003) is based on a central assumption that the background launch
spectrum of NGWs is empirically determined, azimuthally isotropic, and independent of time and
geographic location. In this scheme, NGWs are launched from a height of 275 hPa, and their upward
propagation is governed by the atmospheric sounding above this level. As the NGWs propagate, they
transfer momentum between atmospheric layers, depositing force at the level where they dissipate in an
equal and opposite manner to the force imparted at the source level.

Notably, the NGW parameterization accounts only for the upward propagation and dissipation of the
momentum flux, neglecting the accelerating force on the mean flow below the launch level and the
downward transfer of momentum. These effects are considered negligible compared to the pronounced
effects on the middle atmosphere, particularly as air density diminishes with increasing altitude.
Consequently, NGW parameterization schemes focus on three key elements: the specification of NGW
sources, the propagation and dissipation of waves, and the resulting impacts on the resolved dynamics and
thermodynamics at the level of dissipation.

Following the approach of Fritts and Vanzandt (1993), the empirical spectra for the launch energy of
NGW, denoted as E(w,m), and Vertical Momentum Flux (VMF), represented as F(w,m), are expressed as
functions of the vertical wave number, m, and intrinsic frequency, o, i.e.,

E(w,m) = EqC4E,(m)CpEp(w), (21)
and

F(w,m)=—p (%) E(w,m), (22)
where

)

E,(m) = pPevaEE (23)

Ca=1/ [, " Es(m)dm, (24)

Ep(w) = 7P, (25)
and

Czg=1/ fff Ez(w)dw. (26)

Note that m, = 2m/2km represents a characteristic vertical wave number and s = 1 corresponds to the
typical shape of the NGW energy spectrum. The variables &, E,, C,, Cg, E4, and Ep denote the horizontal
wave number, total wave energy excluding the air density factor, and the normalized constant of empirical
spectra of vertical wave number and frequency, respectively. m, and m;, are determined by the maximum
and minimum of vertical wave length, A,,,,, Amin (Or phase velocity, ¢axs Cmin, EQ- 20). The NGW
source spectrum is divided into n = 25 phase speed bins, discretized within the specified range of phase
velocity (along with their corresponding vertical wave lengths),

Cmin = 2.5m/s (Apin = 0.75km),  cpax = 52.5m/s(Apax = 15.75km),



and ny equally spaced azimuths. Details of the empirical NGW energy and momentum spectrum
specification is available in Scinocca (2003) and Yudin et al. (2018).

In addition to the normalized empirical VMF spectrum, the final yet crucial parameter to completing the
NGW source specification is the prescribed VMF amplitude (ty¢y,) at the launch level, which is
parameterized based on latitude, exhibiting three peaks at the equator and north/south storm tracks,
respectively. Specifically,

(1.257, llat| < 37,
_(llat|—3)2 . .
1.257,e \ 125 3 <|lat| < 15.3,
0.257,, 15.3" < |lat| < 317,
T = < _ llat|-60 . . 27
NGw Tpe 5 ) 31 <|lat] <60, @7)
_lat|-60,, 5
7€ 25 ), lat = 60,
_(|lat|—60)2 3
\7,€ 30 , lat < —60.

It was recognized that the prescribed VMF amplitude at the launch level should diminish as the resolution
increases, aiming to maintain the total (resolved plus subgrid) momentum flux at a roughly constant level.
As aresult, 7, is set to 1.5¢-3, 0.8e-3, 0.5e-3 Pa for resolutions C192, C384 and C768 respectively.

The NGW spectrum is integrated over the possible values of intrinsic frequency and vertical wavenumber.
Based on the resolved model sounding, the fate of each monochromatic vertically propagating NGW is
evaluated on a level-by-level basis. During this process, the total momentum flux, Tygw = (Tonows Tynow)s
is determined. Various outcomes are possible for NGWs. Once scenario involves reflection at a level
where vertical propagation is prohibited, meaning the intrinsic frequency becomes imaginary, causing the
wave to reflect downward without inducing drag. Another occurs when waves encounter critical levels,
where the vertical wave number becomes infinite, leading to their removal from the wave spectrum and
the transfer of their momentum to the mean flow, thereby generating a drag force. Waves can also break
and induce drag, typically through wave saturation. In this case, the wave amplitude grows until static
instability occurs. Nonlinear dissipation is modeled empirically by constraining the gravity wave energy
spectrum at large vertical wave number (short wave lengths) within the observed saturation tail, which
follows a proportionality of m™. The saturated energy density spectrum is

E 45(m) = (=)73, (28)

m
which is equivalent to E 4 in Eq. (23) but at asymptotically large m. The saturation momentum flux F ¢ is
calculated based on Egs. (21) and (22), with E 4 superseded by E 45 correspondingly. F ¢ diminishes with
height due to decreasing density.

Critical level filtering and nonlinear dissipation are examined for each azimuthal bin, at each level above
the launch level, and for each phase speed. Notably, the NGW scheme updates the temperature tendency
resulting from both NGW dissipation and the momentum eddy-diffusivity. In atmospheric models that
extend into the mesosphere and thermosphere, turbulent and molecular diffusion contributes additional
dissipation of NGW energy. Energy conservation requires that all vertical diffusion applied to the
resolved flow must also damp the parameterized NGWs as well. As a result, the portion of the NGW
spectrum that propagates upward without being removed by critical level filtering or nonlinear dissipation

10



is also subject to diffusion damping. At each model level, both the divergence of the VMF summed over
the NGW spectrum and the vertical diffusion of parameterized NGWs contribute to the momentum
tendencies in the zonal and meridional directions, affecting resolved horizontal winds. The divergence of
the net eastward, Fg, and northward, Fy momentum fluxes are g % and g f—;’ , respectively. Fg and
Fy, are derived by summing the total momentum flux (i.e. integrated over all phase speed bins) in each

azimuthal ¢i projected onto the east and north directions, respectively, i.e.,

Fz = X2 F(¢;) cose; (29)

and

Fy = 2.2 F()) sing;. (30)

This approach has been implemented in the GFS, allowing for local cooling and heating by NGW-induced
mixing and GW energy dissipation (see also Becker and McLandress 2009).

3. Semi-implicit time differencing

The SSGWD and TOFD schemes require a semi-implicit treatment of the time differencing for numerical
stability, especially with the long physics time steps used in the FV3GFS. Here we provide a brief
description of the algorithm. We start by writing the time-continuous tendency due to a given physics
parameterization as

(%)PHYS = —uf (w), (31)

where f(u) represents the grid-resolved contribution to the tendency by a given scheme as a function of the
u-wind. We can write the time-discrete tendency equation as

n+i_,n
= —ut ), (32)
where n and n+1 are the current and next time steps, respectively. Note that with the SSGWD and TOFD

schemes, the unknown n+1 u-wind is only needed at one vertical level, which greatly simplifies the
solution for ™!, Rearranging (32), we get

n
uH = _1:;71“, (33)
where f™ = f(u™). Given that physics tendencies are treated in a forward Euler manner, that is,
(a_u) _ un+1_un (34)
ot/ phys a2’
we can use (33) in (34) to arrive at
ou _ n "
(E)FHYS = W e (35)

which is the contribution to the overall physics tendency by a given scheme.
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4. Topographic statistics fields

The static data used by the orographic drag parameterizations are calculated from high-spatial resolution
topographic data sets. Two sets of static fields are provided: one for the mesoscale GWD and mountain
blocking schemes (stored in files named * oro_data ls.tilex.nc), and the other for the small-scale GWD
and TOFD schemes (stored in files named * oro data ss.tilex.nc). The difference between the two sets is
that the former is calculated from a smoothed field on a global 2.5 minute lat-lon grid, and the latter is
calculated from a band-pass filtered topographic field on a global 30 second lat-lon grid. In each case, the
subgrid statistical parameters described in Section 2, are calculated from the data sets. The parameters are
listed and described in Table 1.

Associated
Parameter Description variable in Sect. 2
equations
stddev Standard deviation of subgrid topography Oh
convexity Convexity of subgrid topography ocC
oal Orographic asymmetry in west direction OA
oa2 Orographic asymmetry in south direction OA
oa3 Orographic asymmetry in south-west direction OA
oa4 Orographic asymmetry in north-west direction 0A
oll Orographic effective length for westerly flow Ly
ol2 Orographic effective length for southerly flow Ly
Orographic effective length for south-westerly
ol3 Ly
flow
Orographic effective length for north-westerly
ol4 flow Ly

Table 1. Subgrid topographic statistical parameters stored in data sets for use by orographic drag parameterizations.

This section describes how the high-resolution topographic data is preconditioned before these parameters
are calculated. The Fortran code used to precondition the topographic data and calculate the statistical
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parameters reside in the “develop” branch of the UFS GitHub repository at: https://github.com/ufs-
community/UFS UTILS/tree/develop/sorc/orog_mask tools.fd/orog gsl.fd.

4.1 Data preparation for mesoscale GWD and blocking fields

The smallest horizontal wavelength of topography that generates vertically propagating gravity wave in
the free atmosphere is generally considered to be approximately Skm (e.g., Beljaars et al. 2004). This
cutoff is also applied to the low-level blocking scheme. To calculate the statistics of the subgrid
topography, we therefore use a 2.5 minute lat-lon topographic dataset, such that variations smaller than
~5km are removed. The source for the high-resolution data is the U. S. Geological Survey’s (USGS)
GMTED2010 30 second lat-lon dataset (Danielson and Gesch 2011). This data is interpolated on to the
2.5 minute grid using the WRF Preprocessing System (WPS) (Skamarock et al. 2019).

Our goal is to represent the subgrid topography within each model grid cell in such a way that information
about the resolved topography is not included. For example, if there were no subgrid variations of
topography, such as with a smooth, sloping plain that is fully resolved by the model (coarse) grid, the
calculation of the standard deviation of the high-resolution topography within a model grid cell would be
non-zero, resulting in a non-zero drag force calculated by the subgrid parameterization. Since the drag
should be fully resolved by the model dynamics, the addition of parameterized subgrid drag would be
redundant. To eliminate such redundancy, we “detrend” the high-resolution data by subtracting out the
resolved coarse-grid topography, as shown in Fig. 2. Note that this method is also used at ECMWF (e.g.,
Wedi 2016) and is described in detail in Scinocca and McFarlane (2000). The resolved coarse-grid field is
calculated via bilinearly interpolating the coarse-grid heights on to the high-resolution (2.5 minute) lat-lon
grid.

Grid points
st — h —>
gt A R A A e B B g B g S
high-resolution topography model-resolved topography “detrended” topography

Figure 2. Steps to determine subgrid (detrended) topography from high-resolution topographic data. A typical profile of topography
is shown on the left. The topography, as it is resolved by the horizontal model grid, is shown in the center. The detrended
topography on the right is calculated by subtracting the model-resolved topography from the high-resolution topography.

4.2 Data preparation for small-scale fields

The small-scale GWD and TOFD schemes both represent the effects of variations in subgrid topography
down to the 1 km horizontal scale. The statistical parameters used for the schemes are based on the
GMTED2010 30-second lat-lon global topographic datasets. Following Beljaars et al. (2004), the high-
resolution elevation data are passed through a spectral band-pass filter to isolate wavelengths in the range
~50km to ~2km, using the filter shown in Fig. 3.
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Figure 3. Spectral filter applied to global GMTED2010 30-second topographic data set for calculation of statistical parameters for
small-scale GWD and TOFD schemes. [Figure from Beljaars et al. (2004).]

5. Results

5.1 Rapid Refresh (RAP)

Here we present results of tests with the 13km horizontal resolution RAPvS5 that show the sensitivity of
forecast skill to the various components of the GSL drag suite. The tests consist of a series of reforecasts
initialized every 3 hours starting at 0000 UTC 2 Feb 2019 and continuing through 0000 UTC 15 Feb 2019.
Eight experiments were run with different combinations of the orographic drag components of the GSL
drag suite (note that the non-stationary GWD drag was not active). Experiment “0” is the control run with
all of the components active. Experiment “1” is the case with no GWD. Experiments “2-7” implement
various combinations of the drag components as shown in the table within Fig. 4, where “MS” is
mesoscale GWD, “BL” is low-level blocking, “SS” is small-scale GWD, and “FD is turbulent orographic
form drag. The number “1” indicates the schemes that are active in each experiment. Figure 4 shows
vertical profiles of RMS errors and bias of windspeed with respect to radiosonde observations (RAOBS)
over the full RAP domain at forecast hour 27. The control experiment, with all the GSL drag components
active, generally gives the best results, with Experiment “1” with no GWD parameterizations giving the
worst results. The experiments with partial use of the drag components give intermediate results.
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’ 27-h wind: full RAP domain, 00/12 UTC ‘
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Figure 4. Vertical profiles of RMS windspeed error and bias over the full RAP domain compared to RAOBS at 00 and 12 UTC at
forecast hour 27. The table shows the configurations of the eight experiments with “1” indicating that a given drag scheme is
turned on. The control experiment, with all schemes turned on is denoted by “Curve0”, and the “Curve1” is a run with no GWD

parameterization. The drag components are “MS” (mesoscale GWD), “BL” (low-level flow blocking), “SS” (small-scale GWD) and
“FD” (turbulent orographic form drag).

The effects of the drag parameterizations on the surface winds are shown in the 10-m windspeed RMSE
and bias plots of Figs. 5 through 7. Figure 5 shows the errors over the full RAP domain at forecast hour

21, with the largest errors generally associated with the run with no GWD parameterization, and the least
errors from the control run.

’ 21-h 10-m wind: full RAP domain ‘

RMSE

Drag Component
MS BL SS FD

Curve0 All
Feb 3 Feb 5 Feb 7 Feb 9 Feb 11 Feb 13 Feb 15
Curve1 None
1
1.2
Curve3 1
1 1 1
Curve5 1 1 _—
Curve6 1 1 1 g
0.6
Curve7 1 1 1
0.4
0.2

0

Feb 3 Feb 5 Feb 7 Feb 9 Feb 11 Feb 13 Feb 15

Figure 5. RMS error and bias of 10-m windspeed at forecast hour 21 compared to METAR observations over the full RAP domain.
The table shows the configurations of the eight experiments with “1” indicating that a given drag scheme is turned on. The control
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experiment, with all schemes turned on is denoted by “Curve0”, and the “Curve1” is a run with no GWD parameterization. The
drag components are “MS” (mesoscale GWD), “BL” (low-level flow blocking), “SS” (small-scale GWD) and “FD” (turbulent
orographic form drag).

The results over the western CONUS, shown in Fig. 6, exhibit similar results to the full RAP domain, with
a large reduction in the 10m windspeed bias that sometimes becomes negative with the drag suite in use.

21-h 10-m wind: west CONUS | ..

m/s

Drag Component
MS BL SS FD

Curve0 All
Feb 3 Feb 5 Feb 7 Feb 9 Feb 11 Feb 13 Feb 15
Curve1 None
1
Curve3 1
1 1

Curve5 1 1
Curve6 1 1 1
Curve7 1 1 1

Feb 3 Feb 5 Feb 7 Feb 9 Feb 11 Feb 13 Feb 15

Figure 6. As in Fig. 5 except over the western CONUS.

Figure 7 shows that the RMSE of the 10m windspeed in the eastern CONUS is generally smaller than that
of the western CONUS, while the BIAS tends to be larger. The effects of the drag parameterizations are
smaller than those over the western CONUS due to the smaller subgrid terrain variations in the east.
However, the effects of the parameterizations are favorable (comparing ‘Curve0’ to ‘Curvel’ in both
RMSE and bias).
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Figure 7. As in Fig. 5 except over the eastern CONUS.

Figures 8 and 9 show that the control experiment consistently gives the best results over the course of the
diurnal cycle. Of note is the diurnal cycle of the effects of the small-scale GWD, especially over the
eastern CONUS (Fig. 9). In experiments “0, 3, 4 and 77, the SSGWD is active, and during the nighttime
and early morning hours (~3-15UTC) when it is most active due to the presence of highly-stable nocturnal
PBLs, the windspeed bias is noticeably reduced.
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21-h 10-m wind: west CONUS, diurnal
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Figure 8. Diurnal composite of 10-m windspeed RMS error and bias at forecast hour 21 compared to METAR observations over
the western CONUS. The table shows the configurations of the eight experiments as in Figures 4-7.

21-h 10-m wind: east CONUS, diurnal
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Figure 9. As in Fig. 8 except over the eastern CONUS.
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5.2 Global FV3GFS

The UGWP has been tested in the global FV3GFS NWP model in reforecast experiments with the C768
(Ax~13km) and C384 (Ax~26km) cubed-sphere grids as part of the UFSR20 project (website:
https://vlab.noaa.gov/web/ufs-r20). The baseline (control) experiments with the C768 grid use the
operational GFSv16 physics parameterization suite. For the sensitivity experiment, the same physics suite
is used except that the GWD physics is replaced by the UGWP drag suite. The warm-start reforecast
period for the C768 runs were 1 Jan 2020 to 10 Feb 2020, initialized at 00UTC every five days. For the
C384 experiment, the baseline physics parameterizations were those of the GFSv17 Prototype 8b
configuration (https://github.com/ufs-community/ufs-weather-model/tree/Prototype-P8), in which the
GFSv16 mesoscale OGWD and blocking are used along with the small-scale OGWD and TOFD schemes
of the GSL drag suite. The sensitivity test was to substitute the GFSv16 mesoscale schemes with the GSL
mesoscale OGWD and blocking schemes. The C384 warm-start reforecasts were initialized every 5 days
at 00 UTC from 3 Dec 2019 through 5 Mar 2020.

Fig. 10 shows the sensitivity of the northern hemisphere windspeed bias (as compared to RAOBS) to the
changes in GWD schemes. The left panel shows improvement in the bias over the depth of the
troposphere and lower stratosphere due to the use of the UGWP at C768 resolution. The right panel
shows improvement in using the GSL mesoscale drag schemes in the C384 experiment.

‘ Windspeed bias profiles: Northern Hemisphere ‘
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Figure 10. Global FV3GFS northern hemisphere windspeed bias profiles. Left panel: C768 (~13km) grid — GFSv16 GWD (black
curve) and UGWP with cdmbgwd=(10,10) (red curve). Right panel: C384 (~26km) grid — GFSv16 mesoscale OGWD and blocking
(black curve) and UGWP with cdmbgwd=(10,5) (red curve). See Subsection 6.1 for an explanation of the cdmbgwd parameters.

The 500hPa height anomaly correlation coefficient (ACC) die-off curves are shown in Fig. 11. In the
C768 run there is comparable performance to the GFSv16 GWD physics for the first 96 forecast hours,
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with improvement with the UGWP after this forecast time. In the C384 runs, there is some degradation of
the ACC for the first 144 hours, but afterward the GSL mesoscale drag and blocking exhibit improvement.
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Figure 11. Global FV3GFS 500hPa height anomaly correlation coefficient (ACC) die-off curves. Left panel: C768 (4x~13km) grid
— GFSv16 GWD (black curve) and UGWP with cdmbgwd=(10,10) (red curve). (The lower left panel shows the difference between
the UGWP and GFSv16 results.) Right panel: C384 (4x~26km) grid — GFSv16 mesoscale OGWD and blocking (black curve) and
UGWRP with cdmbgwd=(10,5) (red curve). (The lower right panel shows the difference between the UGWP and GFSv16 results.)
See Subsection 6.1 for an explanation of the cdmbgwd parameters.

The effects on the low-level winds over the western CONUS are shown in Fig. 12. At both grid

resolutions, there is improvement to the 10-m windspeed bias in the sensitivity experiments using the

UGWP (C768) and GSL mesoscale OGWD and blocking schemes (C384).
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‘ 10-m windspeed: west CONUS ‘
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Figure 12. Global FV3GFS western CONUS 10=m windspeed. Left panel: C768 (4x~13km) grid — METAR observations (black
curve), GFSv16 GWD (red curve), and UGWP with cdmbgwd=(10,10) (green curve). (The lower left panel shows the difference
between the experimental results and observations.) Right panel: C384 (4x~26km) grid — METAR observations (black curve),
GFSv16 mesoscale OGWD and blocking (red curve), and UGWP with cdmbgwd=(10,5) (green curve). (The lower right panel
shows the difference between the experimental results and observations.) See Subsection 6.1 for an explanation of the cdmbgwd
parameters.

6. Code description and model configuration

6.1 Code description and namelist options

The Unified Gravity Wave Physics (UGWP) suite of parameterizations is a physical package within the
Common Community Physics Package library (Heinzeller et al. 2022). The Version 1 package name is
ugwpvl gsldrag, which is prescribed by the XML code of a CCPP Suite Definition File (SDF) by the
following sequence of lines:

<scheme>GFS GWD generic_pre</scheme>
<scheme>ugwpvl gsldrag</scheme>
<scheme>ugwpvl gsldrag post</scheme>
<scheme>GFS GWD generic post</scheme>.

Note that the Fortran module for the package is contained in ccpp/physics/physics/ugwpvl gsldrag.F90.

There are a series of runtime namelist logical flags that activate the various UGWP components. For a
comprehensive list of namelist variables, see

https://dtcenter.ucar.edu/GMTB/v6.0.0/sci_doc/ ¢ ¢ p psuite nml desp.html. By default, all of the
components are activated, but the user may turn any individual scheme off if desired, the exception being
that the mesoscale OGWD and blocking schemes are tied together as one option, and are either both active
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or not. The user also has the option to revert back to the GFSv16 (EMC) version of the mesoscale OGWD
and blocking schemes. The logical flags are as follows:

gwd_opt
do ugwp vO

do ugwp v0 orog only

do ugwp v0 nst only

do ugwp vl

do gsl drag Is bl

do gsl drag ss
do gsl drag tofd

= 2 for unified ugwp drag package

activates GFSv16 mesoscale OGWD, blocking and non-stationary
GWD — default = .false. for GSL mesoscale OGWD and blocking

activates GFSv16 mesoscale OGWD and blocking — default = .false.
for GSL mesoscale OGWD and blocking

activates GFSv16 non-stationary GWD — default = .false. for GSL
mesoscale OGWD and blocking

activates the Version 1 UGWP non-stationary GWD scheme —
default = .true.

activates GSL drag suite mesoscale OGWD and blocking — default =
true.

activates GSL drag suite mesoscale OGWD — default = .true.

activates GSL drag suite turbulent orographic form drag — default =
.true.

The namelist variable cdmbgwd is a 1-dimensional real array of length 4 that serves as an array of “tuning
knobs” to adjust the strength of the mesoscale OGWD and blocking schemes. The value of cdmbgwd(1)
is a coefficient that multiplies the blocking stress at the reference level given by (2); the value of
cdmbgwd(2) multiplies the mesoscale OGWD stress at the surface given by (11); and the values of
cdmbgwd(3) and cdmbgwd(4) serve as logical flags and should be set to 1. See the Appendix for a
discussion on tuning the blocking and OGWD schemes. The recommended values of cdmbgwd(1:2) at
various horizontal resolutions are shown in Table 2.

Global Grid Configuration
(approx. horizontal grid cdmbgwd(1) cdmbgwd(2)
spacing)
C48 (208 km) 40.0 1.77
C96 (104 km) 20.0 2.5
C192 (52 km) 10.0 3.5
C384 (26 km) 5.0 5.0
C768 (13 km) 2.5 7.5
C1152 (8.7 km) 1.67 8.8
C3072 (3.25 km) 0.625 14.1

Table 2. Values of cdmbgwd(1:2) tuning parameters at various global grid resolutions.
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The option to output diagnostic data such as the wind tendencies and surface stress from each of the
UGWP drag components can be activated by setting the namelist flags /diag3d and Idiag ugwp to true.

The alpha_fd namelist variable is the coefficient a in Eq. (17), which can be used to adjust the strength of
the turbulent orographic form drag. The default value is 12.

The cires_ugwp nml namelist variables associated with the non-stationary GWD scheme, and
recommended settings, are as follows:

knob_ugwp_solver

knob_ugwp wvspec

knob ugwp azdir

knob ugwp stoch

knob ugwp effac

knob_ugwp doaxyz

knob_ugwp doheat

represents the spectral deterministic solver with background
dissipation and spectral saturation
Default value: 2

four-dimensional integer array that defines number of waves in each
azimuthal propagation (as defined by knob _ugwp azdir) for GWs
excited due to the following four sources:

(1) subgrid orography

2) convective

3) frontal activity

(4)  represents number of waves excited by dynamical
imbalances that may mimic both convective and front-jet
mechanisms of GW triggering.

four-dimensional integer array that defines number of azimuths for
propagation of GWs triggered by four types of physics-based sources
(orography, convection, front-jets, and dynamical imbalance). In
UGWP v0, first two elements of the array control number of
azimuths for OGW and NGWs respectively.

four-dimensional integer array that controls stochastic selection of
GWs triggered by four types of physics-based sources.

Default values:0,0,0,0 - reflect deterministic selection of GW
parameters without stochastic selection.

four-dimensional real array that controls efficiency of GWs triggered
by four types of physics-based sources.

Default values: 1.,1.,1.,1. - reflect that calculated GW-tendencies
will be applied for the model state.

integer parameter that controls application of the momentum
deposition for NGW-schemes

0: the momentum tendencies due to NGWs are calculated, but
tendencies do not change the horizontal winds

1: default value; changes the horizontal momentum tendencies and
horizontal winds

integer parameter that controls application of the heat deposition for
NGW-schemes:

0: the temperature tendencies due to NGWs are calculated but
tendencies do not change the temperature state

1: default value; changes the temperature tendencies and kinetic
temperature
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knob_ugwp dokdis

knob_ugwp ndx4lh

knob_ugwp version

knob_ugwp palaunch

knob_ugwp nslope

knob_ugwp lzmax

knob_ugwp lzmin

knob ugwp lzstar

knob ugwp taumin

knob_ugwp tauamp

knob ugwp lhmet

6.2 Use case configurations

integer parameter controls application of the eddy diffusion due to
instability of NGWs:

0: the eddy diffusion tendencies due to NGWs are calculated but
tendencies do not change the model state vector

1: computes eddy diffusion coefficient due to instability of NGWs;
in UGWP v0, eddy viscosity, heat conductivity and tracer diffusion
are not activated

2: default value; computes eddy diffusion coefficient and applies
mixing due to instability of NGWs

integer parameter that controls the selection of the horizontal
wavenumber(wavelength) for NGW schemes:

1: selects the 4*dx sub-grid wavelength, where dx is the horizontal
resolution of the model configuration (C96-400km; C768-52km)

integer parameter that selects a version of the UGWP
implementation in FV3GFS-127L:

0: old NGW version

1: Version 1 UGWP-NGW — default

pressure level in Pa for “launch” of NGWs
Default: 275.0e2

typical shape of the NGW energy spectrum [variable s in Eq. (23)]
Default: 1

maximum vertical wavelength (m) (see Subsection 2.5)
Default: 15.75¢3

minimum vertical wavelength (m) (see Subsection 2.5)
Default: 0.75¢3

transitional vertical wavelength (see Subsection 2.5)
Default: 2.0e3

minimum VMF source amplitude (Pa)
Default: 0.25¢-3

VMF source amplitude [variable 7, in Eq. (27)]

horizontal wavelength of NGWs (m)
Default: 200.0e3

The UGWP suite has some minor configuration requirements, mainly through namelist settings, when
running various UFS cases, i.e., global (typically £ 13km horizontal grid spacing), regional (e.g., Rapid
Refresh Forecast System, or RRFS, typically = 3km horizontal grid spacing), and high-resolution
simulations (£ 1km horizontal grid spacing).
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For global simulations, all four orographic drag schemes are typically active. The mesoscale GWD and
blocking schemes are automatically tapered at gray-scale resolutions as described in Section 2.1. These
two schemes require pre-determined values of the namelist variables cdmbgwd(1:2) for the horizontal grid
spacing to be used. The optimal values for these will be updated and available in the UFS documentation.

In the convective-allowing regional grids, such as the RRFS, the cdmbgwd values are not used as the
mesoscale GWD and blocking schemes are tapered to zero for the 3km grid spacing and below. The
small-scale GWD and form drag schemes are active at this resolution, but are automatically tapered to
zero at 1 km.

For grid spacings at 1 km and finer, all orographic drag parameterizations will be inactive. For these high
resolutions, however, the orographic statistics static files may not be available due to the fact that the high-
resolution topographic data used to generate these are on a 1 km grid. In this case, the UFS should be
compiled without the UGWP suite by deleting the four lines of the SDF shown above in Section 6.1.

6.3 Sequential updating of column wind profile between mesoscale and small-scale drag calculations

By default, the calculation of the momentum tendencies from each of the five components of the drag
suite are based on the current resolved-scale (# and v) winds, i.e., the winds updated by the dynamical core
before the call to the physics parameterizations. To limit the possibility of numerical instability caused by
an excess of accumulated wind tendencies by the drag schemes, there is an option to update the winds
within the UGWP with the tendencies from the mesoscale GWD and blocking schemes, after they are
called, for use by the small-scale GWD and TOFD schemes in the calculation of their tendencies. This
option can be selected at compile time with the logical flag ugwp seq update, which is set in
GFS_typedefs.F90 and is .false. by default.

6.4 Alternative orographic GWD and blocking configuration: ‘do_gwd _opt psl’ flag

During the development of the prototype GFSv17, it was found that small modifications to the OGWD
and blocking schemes led to the improvement of various bulk skill scores, such as the geopotential height
anomaly correlation coefficient (Hong et al. 2025). Instead of using the detrended high-resolution
topographic dataset for calculating the static orographic input data used by the mesoscale OGWD and
blocking schemes, as described in Subsection 4.1, the modified method uses the “raw” non-detrended
topographic dataset. This results in generally larger values of the standard deviation (o) of subgrid
topography, especially in plain regions where the topography is well resolved by the model grid. The
other scheme modifications are activated by a new namelist option, do _gwd opt psl, and are listed below:

1) The assumed subgrid topographic blocking height is effectively raised from 2o to 20+elvmax,
where elvmax is the maximum value of the subgrid topography within a model grid cell, which is
typically equal to ~30. This has the effect of increasing the blocking surface stress and increasing
the depth of the blocking layer from 20 to 30.

2) The use of cdmbgwd(1) as a runtime tuning coefficient for low-level blocking is removed, and the
tuning coefficient cdmbgwd(2), which scales the “effective grid length” for the OGWD scheme, is
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replaced by a new namelist option ps/ gwd dx_factor, which by default is equal to 6.0 for all
horizontal grid resolutions. The updated definition of the effective grid length is 0.5%(Ax+ Ay).

3) The blocking height over land ice is reduced from 20 to o in order to reduce the blocking drag
over ice.

7. Summary and Future Work

The current comprehensive design of the UGWP suite offers a lot of flexibility for tuning but may also
give rise to the inherent possibility of double-counting of drag effects due to the simultaneous application
of each component, as well as to the limits of model error attribution for each physical process. The small-
scale GWD (SSGWD) and mesoscale GWD (MSGWD) components are designed to parameterize the
exact same drag physics but for gravity waves of distinct sizes. It is not yet known whether there is a
missing gap, i.e., medium-scale gravity wave drag, that may require parameterizing, but the condensing of
these drag processes onto a single scheme capable or representing the entire spectrum of gravity wave
sizes and their drag effects would be desirable for limiting arbitrary scale cut-offs in the model code and
removing the monochromatic assumption used in the current MSGWD component. Furthermore, this
would help generalize the UGWP suite to be applied at any scale because the appropriate subgrid-scale
gravity waves that need to be parameterized can be automatically set simply by the grid spacing of the
application.

Preliminary work has been done to lay out the overall design of a condensed SSGWD/MSGWD into a
spectral-GWD component. This scheme utilizes subgrid-scale terrain information that is decomposed by
wavenumbers as shown in Fig. 13. The horizontal wavenumber of the terrain affects the sizes of the
gravity waves likely to exist in a given model grid column and their size affects the characteristics of
vertical propagation -- some wave numbers won’t propagate at all, and the ones that do will break at
different vertical levels. With a known power (or weighting) associated with each wavenumber, all
relevant gravity waves can be represented, but the most significant wavenumbers will dominate the total
drag. Similar work is being investigated by others, e.g., Smith and Kruse (2018) and Annelize vanNiekerk
at the UKMet Office (personal communication). We intend to work in a collaborative manner with these
international colleagues.
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Figure 13. The left panel shows the deplaned topography (total topography minus the "best-fit" plane across the grid cell) which is
decomposed by wavenumber (right panel) illustrates how we move from a single-wavenumber representation of subgrid
topography to a Fourier series of 2D ridges. Each wavenumber can produce an associated gravity wave that may propagate in the
vertical, depending on the atmospheric conditions, but only the most prominent wave numbers will dominate the total drag effects.
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Appendix: Tuning the orographic blocking and mesoscale gravity wave drag schemes

The presence of gravity waves is readily detectible in the real atmosphere and in the output of atmospheric
models, however, the ability to accurately quantify the wave momentum and energy fluxes in either case
is a considerable challenge. The parameterizations presented in this document provide a starting point for
determining the momentum fluxes of subgrid-scale GWs, however, additional effort is required to tune the
schemes to provide physically reasonable results. The recent study of van Niekerk et al. (2020) provides
benchmark orographic GWD and blocking data obtained from high-resolution atmospheric models for the
purposes of analyzing and tuning drag parameterizations. Various international modeling centers
participated in the benchmark (COORDE) testing, which consisted of 14 consecutive 24-hour global
forecasts initiated at 00UTC from 1-14 January 2015. The subgrid blocking and OGWD drag stresses and
momentum tendencies from the parameterizations of the various models were provided and were
comparable to the corresponding values obtained from high-resolution (~1.8 — 10 km horizontal grid
spacing) model runs, which are taken to be the “true” solution.

Figure 14d shows the zonal mean parameterized zonal surface stress of blocking and OGWD from the
participating models run at ~80 — 100 km horizontal resolution, and Figs. 15¢ and 15d show the area-
averaged parameterized OGWD zonal momentum tendency from OGWD over the Southern and Northern
Hemispheres, respectively, from the models run at ~40 km resolution. These figures served as our guide
for matching the corresponding fields produced by our parameterizations. Our starting point was to
diagnose the blocking surfaces stresses using the Lott and Miller (1997) scheme implemented in the
FV3GFS. We then matched these stresses using the current blocking scheme described in Subsection 2.2
by adjusting the cdmbgwd(1) tuning parameter. The resulting zonally averaged surface stress is shown in
Fig. 14a for the C384 (~26 km resolution) grid. For the OGWD tuning, we adjusted the cdmbgwd(2)
parameter until the sum of the blocking and OGWD surface stress matched as closely as possible those
shown in Fig. 14d. The result for the C384 grid is shown in Fig. 14c. There is close agreement with our
scheme and those of the COORDE participants except over the latitudes ranging from ~ -55° —-35°
latitude, where our UGWP OGWD scheme is excessively strong. We are working to check on the validity
of our results and to correct the parameterization as needed. At C384 resolution, the results of the tuning
exercise provided the recommended values of cdmbgwd(1:2) = {5,5}. We also tested at C768 (~13 km
grid spacing) (results not shown) to arrive at values of cdmbgwd(1:2) = {2.5,7.5}. We extrapolated the
cdmbgwd(1:2) values for the remaining grid configurations as shown in Table 2.

Figs. 15a and 15b show the vertical profiles of the area-averaged zonal momentum tendencies in the
stratosphere. There is close agreement to the corresponding profiles of the COORDE participants shown
in Figs. 15¢ and 15d, which indicates that the tuning efforts based on the surface OGWD stress described
above provides realistic zonal flow tendencies at upper levels due to drag.
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Figure 14. Zonal mean parameterized zonal surface stress (land only) from (a,b,c) the C384 (~26km horiz. resolution) FV3GFS
model and from (d) the participating models of the LR CTL (~80-100km horiz. resolution) COORDE experiments of van Niekerk et
al. (2020) (see their Fig. 1). The legend on the lower right of the figure lists the participating models. The blocking and OGWD
stresses for the FV3GFS are shown in (a) and (b), respectively, and the sum of blocking and OGWD stresses for the FV3GFS and
the COORDE experiment models are shown in (c) and (d), respectively.
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Figure 15. Area-averaged parameterized orographic gravity wave zonal wind drag over (a,c) the Southern Hemisphere and (b,d)
the Northern Hemisphere stratosphere from (a,b) the C384 FV3GFS (~26km horiz. resolution) and (c,d) the participating models

of the MR CTL (~40km horiz. resolution) COORDE experiments of van Niekerk et al. (2020) (see their Fig. 3).

participating models in the COORDE study are the same as in Fig. 14.
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