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Abstract: Orographic gravity waves (OGWk) are ubiquitous in the atmosphere
and they have an important influence on the dynamics and energy transport es-
pecially in the middle-atmosphere. As such, they have to be included in global
climate models. Current global models have a low resolution and for that reason
QGW] effects have to be parameterized. This thesis focuses on the most impor-
tant output of the parameterizations - the resulting drag. This drag
is transported upwards from the surface by the wave and is distributed in the
atmosphere. Parameterization schemes differ in many aspects such as the topog-
raphy description, inclusion of non-linear effects, tuning of the free parameters
and others. We have reviewed and described 7 different parameterizations, which
are used in 9 different CMIP6 models. After comparing drag data from each of
the models we find unexpectedly great differences in the vertical distribution of
the drag as well as the magnitude. Focusing on 4 hotspots around the globe,
we proposed hypotheses based on the knowledge of the parameterization schemes
that can partially explain the inter-model differences. The thesis can pave the
way for a more systematic research of the parameterizations in the future,
with an ultimate goal of lowering the amount of uncertainty of the future climate
projections connected with their parameterized effects.
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Introduction

Orographic gravity waves (OGWE) are atmospheric waves which are sourced by
the topography of a planet. They can be depicted as oscillating particles influ-
enced in turns by the buoyant force and gravity. are ubiquitous in the
atmosphere and have a great influence on the dynamics and energy transport.
Current global climate models have a low horizontal resolution, mostly order of
hundreds of kilometres. Considering that have horizontal scales from few
to thousand of kilometres, global climate models cannot fully resolve them. So-
lution to that problem is to supplement their effects artificially by the so called
parameterizations. Current parameterizations are to a large extent imperfect,
however, bear a large influence on the model dynamics [Sacha et al., [2021]. This
motivates the ongoing research of and makes it one of the most lively
fields in atmospheric sciences.

The parameterizations influence the models by the resulting drag, which
arises as a reaction to the force exerted by the flow on the topography. This drag
is not exclusively distributed to the surrounding air masses but it is also trans-
ported upwards by in the form of vertical flux of horizontal momentum,
momentum flux in short. It does not change with height, unless the wave dis-
sipates. Then, the drag force is distributed to the ambient wind field where it
causes deceleration (or acceleration).

This momentum flux is the main part of the parameterization schemes. There
exists a lot of schemes and although they share the basic concepts, they differ
in the definition of the momentum flux, formulation and tuning of free parame-
ters and the variety of physical mechanisms considered in addition to the freely
propagating [OGWAE. These differences have a great impact on the magnitude of
the resulting drag and its vertical distribution. We can observe these differences
especially near the surface and in the middle-atmosphere.

To find out how exactly the drag differs between each model and parameteri-
zation we used drag data from CMIP6 - Coupled Model Intercomparison
Project Phase 6. We chose 9 models, which employ 7 different parameterizations.
We reviewed those parameterizations, comparing their definition of momentum
flux and other components. We also attempted to get the information on spe-
cific settings of the free parameters in the schemes from the modelers, a unique
research effort to date. Then we visualised the data and analysed the differences
between the simulations. Finally, we hypothesised the reasons behind the differ-
ences in distribution and magnitude of the resulting drag based on the unique
information established in the review part of the thesis.

The thesis is structured as follows - in the first chapter we introduce the
concept of formation of and their analytical description. In the second
chapter we describe the basics of the parameterization schemes and sum-
marise the relevant information on the schemes from each models. In the third
chapter we compare the datasets and describe our hypotheses concerning the
intermodel differences. The thesis is concluded by highlighting the need for a
follow-up research.



1. Definition of Internal Gravity
Waves

Terrestrial atmosphere can be described as a stably stratified fluid for the most
part. The stratification constrains vertical motions and supports the existence
of wave motions. This thesis concerns the internal gravity waves (GWS|), which
are ubiquitous across scales in the atmosphere. Sourced by various initial pertur-
bations in the fluid, have important influence on the dynamics, transport
and structure in the atmosphere. There are many known sources of [GWH, such
as orography, convection, frontal systems and various instabilities. In this thesis
we focus on orographic (OGWE), created by a flow over some topography.

1.1 Oscillations

can be found in all regions and at all vertical levels in the neutral atmo-
sphere. We can depict them as vertical oscillations of fluid particles. These
oscillations are a result of a buoyant force, that acts after a displacement of the
particles from equilibrium |[Nappol 2002].

Before we start deriving equation for oscillations in the atmosphere, it is useful
to define the potential temperature. It is a temperature that a fluid particle
would have, shall we adiabatically displace it from the actual pressure level to
a standard pressure level (i.e. py = 1000 hPa in the atmosphere). After some
thermodynamical considerations [Andrews, |2000] we get

R

R R

Do \ P P [po) P
6=T|=] =-2(=2) 1.1
<p) pR<p> (1.1

where R is the gas constant for dry air, C, is the thermal capacity of dry air at
a constant pressure, T" and p are the actual temperature and pressure. Potential
temperature defined in this way has one obvious and very useful feature, namely,
it is a conserved quantity for adiabatic flows.

To derive oscillations of the particles, we will start with the buoyant force that
acts on the particles. Let assume that we adiabatically displace one particle from
point zy to point zg + dz. We assume that the density of that particle remains
unchanged during the displacement. However, since it moved to height zo + dz,
the density of the surrounding fluid has now value of p(zy + d2).

From Newton’s second law we then get

220 g5 p). 12)

where p, is the density of the particle and p is the density of the surrounding

fluid. We use the equation of state of dry air p = pRT with assumption that the

pressure balances much faster than the temperature and density. Therefore, the

pressure is the same for the particle as well as the surrounding fluid and we get
d*(02) Pp— P T-1,

_ S 1.3
BT = I (1.3)
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where T),(20+9%) and T'(29+9z) are temperatures of the particle and surrounding
fluid respectively.

Then another step is expanding temperatures in the nominator into a Taylor
series at zp up to the first order. Noting, that the first terms of expansions
eliminate each other, because of the equal temperature at the height z,. After
omitting higher order terms the result is

Pz 1 (aT an> . (1.4)

a I

0z 0z

The process of parcel displacement is adiabatic, hence there is no transfer of
heat. We can therefore use the first thermodynamical law in terms of enthalpy

5Q = C,dT, — ~dP = 0. (1.5)
p

This can be further manipulated assuming the hydrostatic balance of the ambient
atmosphere dp/0z = —pg to get
o7,
9 __ 9 (1.6)
0z Cp
We can use this term for substitution in 1.4
At this point we use potential temperature that we defined in the beginning
of this section. We need its derivative and by using hydrostatic equation and the
equation of state for dry air again, we express it as

o0 0 (0T g
T (L) 1.
9 T<8Z+Cp> (L.7)
Combining our results from ([1.4)),(1.6)) and ((1.7)) we arrive at the conclusion that,
d?(6z) g 0o

which we recognise as an equation describing harmonic oscillator. Solutions to
this equation are very well-known. For the ambient air to support the oscillations
of fluid particles and existence of a wave, we need the frequency

N=4/2Z (1.9)

to be a real number. This points out that can only exist in a stable at-
mosphere which is described by a positive gradient of the potential temperature
with height, which we need for N to be real (and larger than 0). In this case
the particle descends to its original place and continues moving up and down
due to buoayant and gravitational forces, resulting in an oscillation of the par-
ticles within the wave. N is called the Brunt-Vaisald frequency or the buoancy
frequency and describes whether the atmosphere is stably stratified (N? > 0) or
unstable, allowing the initial air parcel displacements to be constant or grow with
time (N2 < 0). We call this convective instability.

The synchronous oscillations of the air parcels are a manifestation of a wave
and hence, together with the character of the initial displacement the ambient
stability determines the character of the wave.
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1.2 Basic description of waves

Waves are usually characterised by a relationship between their spatial and tem-
poral scales, i.e. the dispersion relation, and by polarization relations that de-
scribe the projection of the wave into fluctuations of fluid-dynamical variables.
We introduce the basic concept in this section. We start with wavelength, which
is the distance from one peak, i.e. crest, to another or alternatively from low
point, i.e. through, to another. Specifically speaking about [GWS, their wave-
lengths, A, range from a few to thousands of kilometres in horizontal and tens of
metres to kilometres in vertical. It is often convenient to describe the dimension
of GWs in terms of a wavenumber

27

. (1.10)

k=R =
Using Cartesian coordinate system, wavenumbers in directions z,y and z are
called k,l and m respectively. They are defined with wavelengths in each direc-
tion, i.e. Az, Ay, A,. We also define wave vector as < = (k,[,m).
Wave period, 7, is the time needed for a wave crest to travel the distance A,
which is also the time it takes the fluid particles to close their trajectories, i.e.
exhibit a full oscillation. Angular frequency, w, is defined as

2T %
w="=—= (1.11)

and describes the local change of phase ¢ with time.
In a particular snapshot, waves manifest themselves as a series of lines (curves)

with constant phases as seen in |[Figure 1.1, The wave vector is defined as a

gradient of the phase, being always normal to the phase lines.

Vo = . (1.12)

v

¢ = const. x

Figure 1.1: Depiction of waves



Using the introduced variables, we can write the phase as
o(Z,t) =K -7 — wt. (1.13)
Then, we can describe the wave field by a general description of a wave
U = ReWe @), (1.14)

where U is the amplitude. The rate of the phase propagation is called the
phase speed Cj. It is a scalar quantity defined as C}, = w/k. As we have noted,
the phase propagates in the direction of the wave vector, which can be used to
define a vector phase velocity. Phase speeds in each direction are defined as
Cre = w/k and analogously for other components.

It is important that w may be dependant on x and that w(k) determines the
type of the wave. General form of the phase speed may then be described as
Ci(k). This relationships are called dispersion relations and the waves where
w = w(k) are called dispersive waves. In summary, dispersion relations describe
dependence of the phase speed on the wavelength. Other type of relations that
is important for are polarization relations. They are relationships of wave
amplitudes, and phases, of different wave variables.

For dispersive waves, it is vital to define another quantity - the group velocity,
Cy. To illustrate the meaning and importance of Cj, we have to define a wave
packet. Once a wave is formed, it propagates from the source, carrying the energy
away. The observed wave is formed of smaller waves with different wavelengths
and therefore wavenumbers. The energy that is transported away is distributed
between those waves, over a spectrum of wavenumbers. Those smaller waves are
enclosed in an envelope and make together a wave packet.

Since the smaller waves have different features, they also have different phase
speeds due to dispersion relations. We can also observe that those waves move
faster than the packet as a whole. Velocity of the packet is the forementioned
group velocity and in x-direction it is defined as

Ow
ok’

As an example we have superposition of two waves with the same ampli-
tude, but slightly different frequency and wavenumber (inspired by an example
in [Nappol [2002]). In one line connects the same peak of the superpo-
sitioned waves at different times, the other connects the same node. As we can
see by the angles of the lines, waves move faster than the packet as a whole. In
the nodes there is a zero amplitude, therefore energy cannot pass through that
node and is then carried by the group velocity rather than the phase speeds of
the individual waves.

1.3 Linear wave theory

are usually described with a help of linear wave theory and Boussinesq
approximation. With this approach we can consequently get dispersion and po-
larization relations. We will do it following [Fritts and Alexander| [2003]. We start
with a traditional closed set of Euler equations in a rotating frame of reference
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Figure 1.2: Wave packets at different times

in Cartesian coordinates supplemented with a continuity and thermodynamical
equation. Those are

1;? _ /1)219 _ P, (1.16a)
g:—i-fu-f-;;gp ~F, (1.16D)
l;)+[1)g?9+g_o, (1.16¢)
gft) bV =0, (1.16d)
g‘j —F, (1.16e)

Equations are momentum equations in each direction, is a mass-
continuity equation and is the energy conservation showed with the use of
conservation of the potential temperature. Fy, F,, I}, represent external forcings
which we will omit in further examination of these equations. f is the Coriolis
parameter, f = 2{2sin ¢, where (2 is the angular frequency of the Earth and ¢ is
in this case latitude. Those equations plus definition of the potential temperature
make a whole system. We assume

Z— 20
p=poexp | ——7— |,

where pg is the density at the reference level z; and H is a constant parameter
representing height scale. D/ Dt is the so called material derivative defined as
D 0
—=—+u-V.
Dt Ot
Now we use the Boussinesq approximation. This approximation can be used
in atmosphere, where we can neglect compressibility in most cases. Under this

(1.17)

(1.18)
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approximation sound waves are filtered out of the system. We suppose that
density changes are neglectable in all cases except in the buoyancy term. Next
step is the Reynolds decomposition of the variables to their mean value and
fluctuations. As we said, we assume that the background density changes only
with the altitude, which gives us

p(z,y,2,t) = p(2) + p'(z,y,2,1). (1.19)

The decomposition is applied similarly to all the other variables. After that we
linearise the equations. By this, we assume that all the variable fluctuations are
small, which means we can neglect their and their derivatives squares. With these
assumptions, we can modify equations [1.16]

We take normal background wind field defined as U = (u(t, 2), v(t, 2), 0).
With @ = 0, our material derivative will take different form. Since lot of the
terms will be omitted by the linearisation, we will see that it is convenient to
denote the derivative following way

D 0 _0 _0
Ht = §+U%+U@. (1.20)

Using and [I.T] our system of equations is then linearised in this way

%;’ N w/gz o aax (i) o, (1.21a)
%;/ + w’gz + fu + ;y (29/) =0, (1.21b)
T R
é)t @') N w/; 0, (1.21d)

90' _ 012 (i’) _ /;', (1.21f)

All terms were defined, except c,, which denotes the speed of sound. We can
use it in the system with help of Mayer’s formula C, = C, + R, which we can
substitute to the classical definition of the speed of sound in gases and we get

~ |Cyp D
“= V Cup J =Dy (122)

Where R/C,, is a familiar term in the definition of the potential temperature.
Next step is the WKB approximation. This method lies in assuming %, v and
N to be only slowly changing in the vertical. This means omitting more terms




in and in [1.21b, We also assume, that we can express the wave solutions
to this system as

9/ / / - R Z
(u’,v’,w’, = v p) = (4,9, ®,0,p,p) - exp |i(k - T — wt) + (1.23)
D

2H ]’
where terms with a tilde represent amplitudes of each variable and w is in this case
Eulerian, so the observed frequency. We can also define the intrinsic frequency

@ = w — ku — [v, which will appear after substituting solution to our system
[1.21] Then we get

—id — fo + ikp = 0, (1.24a)
QT+ fa+ilp=0, (1.24b)
+( 1>~— ; (1.240)
W + (im = oo ) P = —gp, 24c

_ /N2
—iof + <> @ =0, (1.24d)

g

R, : Ly
—i0p + ikt + v + <zm - 2H) w =0, (1.24e)
~ f) B

b= b (1.24f)

These equations can be combined to make one equation only. To find this
equation, it is easiest to portray this system as a matrix with amplitudes as
solutions for a trivial right hand side as shown in [Prochdzkovd| [2021]. With
this we get a condition that determinant must be equal to 0 to get a non-trivial
solution. After we get the determinant, we want both the real and the imaginary
part of it to be zero and this yields respectively

g 1 N2

J - - 1.2

¢ H g’ (1.252)
. 1 (@2 _f2
w <k2 + l2 + m2 —I— 4H2 — C2 ) = NQ(kf2+l2)+f2 <m2 + 4H2) . (125b)

The condition resulting from the imaginary part is already modified by the con-
dition from the real part. We do not want to account for the sound waves, so
we assume they spread with infinite speed, so that ¢, — oo. This filters out the
sound waves and we end up with the dispersion relation for gravity waves

N2(K* + 1) + f2 (m* + g7
o2 = ( ) ( . 4H2>. (1.26)
K2+ 12+ m2 +

We can also derive relation for the vertical wavenumber m, which will show
us more about the bounds of @
s  (K*+1?)(N?— &%) 1

~ - 1.27
" P 1H? (1.27)
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We assume vertical propagation of the waves with no decaying of the amplitude,
therefore the wavenumbers are real (and non-zero). This gives us that both the
left-hand side and the right-hand side of the equation are positive. Since in stable
atmosphere N? is usually greater than f2, this gives us condition N? > &% > f2.
This tells us, that although the spectrum of can be quite large, the frequency
is always less than the Brunt-Vaisala frequency.

Another quantity we can derive is the group velocity. As it is the group
velocity that transports energy, it has an important part in the description of
[GWS We derive it by following the definition [[.15 Using & = w — ku — (v
we modify the left-hand side of and express w, with assumption that it is
positive. After differentiation we get

Ow Ow Ow
(Cgas Cgys Cgz) = (8/{’ al (9m> =
[k(N2 B d)2)7 l<N2 B @2>7 _m<dj2 - f2>]
@ (K +12+m?+ o) '

(1.28)

(w,7,0) +

Finally, we can also derive the polarization relations. Since a polarization
relation can be any relation between 2 different amplitudes of wave variables, we
can derive many of them, noting that we have already derived [[.26] We point
out some of the most important ones

ik — fl
TR fealibutin ¥, 1.2
B <z’c®l+fk> o (1.25)
a}?_fQ (:J2_f2
p= (2 ") Ja=(2 "1 )5 1.2
b (d)k;Jrifl)u (@l—ifk)”’ (1.29b)
m— =) O
w:(NQ_”;)z P (1.29¢)

1.4 Orographic gravity waves and drag

As mentioned in the previous part, synchronous vertical movement of air particles
may lead to sourcing of waves (and is a manifestation of their propagation). This
can occur in cases of air flowing over some topography such as mountains or
hills. Horizontal scales of the resulting largely reflect the scales of the
topography, from few to thousands of kilometres, and have vertical wavelengths
from a few to tens of kilometres. are able to propagate both horizontally
and vertically, being able to transfer energy and momentum from the surface to
the free atmosphere.

Let us assume a stably stratified flow over some pronounced terrain, for ex-
ample a mountain ridge. When advected parcels arrive to the ridge, they exert
pressure on the wind-facing slope of the ridge, and, as described by the Newton’s
third law, the ridge exerts an equal but opposite force on the incident parcels.
As a result, the parcels are displaced out of their initial equilibrium positions in
the flow and depending on the properties of the flow and the force, may
form and propagate away from the topography. The horizontal phase speed and

10



frequency of the wave measured by a static observer would be zero. In a reference
frame moving with the background flow, the intrinsic phase speed of the wave
would be therefore negative and of a similar magnitude as the background wind
velocity.

Laminar flow

Figure 1.3: Illustration of flow with velocity u; and resulting formation of [QGWk
with intrinsic phase speed CY

The process of formation is depicted in the [Figure 1.3 The influence
of the orography on the flow has a form of a frictional force known as a form drag
force (or pressure drag). We can directly estimate its overall strength as

l
p= [ pd—h dr = — [° pu'w' dz, (1.30)

o ~dx ~1L
where h = h(z) is a height profile of the terrain, in this case the ridge. and that
h(z) = 0 as x — A. v is the horizontal and w’ vertical velocity fluctuation, [ is a
horizontal length scale and it must be true that [ > A. The second equality in[1.30]
assumes that all of the drag is transported upwards from the orography in the
form of a vertical flux of horizontal wave momentum (assuming strictly vertical
propagation of as is the case for the traditional parameterization
schemes) - shortly momentum flux. In x-direction, it can be generally defined as

E,
Ty = —ﬁcgzgk% (131)

where F,, is the total energy of the gravity wave. However, momentum flux is
also one of the so-called stress terms that emerge in the equations of motion after
application of the Reynolds decomposition

(1.32)
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Then, written in the form of Reynolds stress the momentum flux is defined as

Ty = —P <1 - fQ) u'w’, (1.33)

where f is in approximation usually taken to be 0. As steady, undissipated
propagate upwards, the horizontal momentum is carried with them up
until the point where they dissipate. At that point, the momentum gets deposited
causing acceleration or deceleration to the mean flow. This force that is exerted
on the mean flow can be for purposes of models expressed as

P = Eaﬂr’
p 0z

(1.34)

where € is the efficiency. We call this wave-induced force and it can be used as
the external force in [[.16a] Similarly defined F, can be then used in [I.16b}

Dissipation of waves occurs through the turbulence generation arising from
various instabilities. The main processes connected with the breaking
in the middle-atmosphere is the convective instability and dynamical instability
connected with the background wind shear.

12



2. Parameterizations

2.1 Reasoning behind the parameterizations

A significant part of the orography remains unresolved in the current general
circulation models (GCMs), but also in numerical weather prediction models.
Since the effects of the subgrid-scale orography have been shown in the literature
to be crucial for many aspects of the model dynamics [Eichinger et al. 2020],
they need to be artificially supplemented to the models, i.e. parameterized. This
concerns also the part of the drag that is propagated by and deposited
especially in the middle-atmosphere.

Current parametrization schemes traditionally comprise many aspects
of the sub-scale orography effects on the flow, but here our main focus will be
on the part of the schemes accounting for vertically propagating and the
resulting orographic gravity wave drag (OGWDI). For parameterizing this process,
the schemes employ a lot of simplifications, such as assumption about
propagation (strictly vertical), sourced wave modes, instabilities and others. This
inevitably introduces additional uncertainties (hard to quantify) in the models.

We illustrate the basic concept of parametrizations following the pio-
neering work of [Pierrehumbert| [1986], starting with a scale analysis of the problem
to get an estimate when is the wave momentum flux deposited. Consider a terrain
obstacle, such as a mountain with the maximum height A, and a wind with con-
stant wind speed U that arrives on the obstacle, then we can non-dimensionalize
the system with following. Horizontal distances by L - half of the with of the
obstacle, in hydrostatic approximation vertical by U/N and time by L/U, to find
that the problem is characterized with two non-dimensional numbers - an inverse

Froude number
Nh

U’
where N is the Brunt-Viiséla frequency. And a nondimensional measure of ver-
tical motions

F, = (2.1)

_NL
=7
If b >> 1, we can use the hydrostatic approximation and F; solely characterises
the problem. So far we assumed the wave propagates conservatively. However, if
the inverse Froude number, shortly just Froude number, is larger than the critical
value, convective breaking occurs and some of the horizontal momentum that
was to be carried higher up, is then deposited. Rest of the momentum is further
transported vertically by residual waves, although at that point it is limited. For
smooth, symmetric mountains the convective instability is expected to occur at
approximately F,. ~ 0.8. However, this critical number can be different due to
a wide range of conditions |[Bacmeister and Pierrehumbert, 1998]. For example,
in case of smaller b, for instance when the obstacle is narrower, the value of F,
is larger. Up to this point we considered only constant N and U close to the
surface, but wave breaking can occur at any altitude when the amplitude of the
wave exceeds critical value.

So now we take into account variance of N and U with height. With this
we locate other levels of wave breaking and consequently depositioning of the

b (2.2)
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momentum flux and the resulting drag at this level. For this purpose we define
a saturation flux as the maximum amount of momentum flux that can be propa-
gated vertically without breaking of the wave. When the momentum flux is larger
than this saturation value and consequently wave breaking occurs, some of the
momentum flux is deposited at this level. This is the so-called (and widely used)
saturation hypothesis [Lindzen, [1981].

To find the threshold for saturation we use [[.30] noting that the sign is not
relevant in the estimation of the flux. So for the maximum momentum flux over
length [ we get

1
= / P ouw' de o pl) [l (2.3)

|~

where [v/] and [w'] are typical magnitudes of velocities for a wave. As L is
characteristic horizontal scale of a wave, we will say that D is a vertical one.
Assuming periods of vertical and horizontal movements are bound together, we
can then say that [w'] ~ (D/L)[u']. The magnitude of the zonal wind fluctuations
reaches [u'] = U during the breaking. Now we can substitute those terms to
and for saturation flux we get

7, = pU*Da. (2.4)

a « 1 stands for dimensionless constant depending on the shape of the obstacle.
However, the vertical scale is a complicated non-local function of the flow. At
this point, we have to assume that the background flow characteristics are only
slowly varying in the vertical over the wavelength. In the hydrostatic limit we can
once again estimate D locally as D = U(z)/N(z) and finally rewrite the estimate
of saturation flux as

_ pUPa
=
Considering 7 is not changing before wave breaking occurs the vertical profile
of 7, can be used for estimation of the breaking level. As the density decreases
exponentially, while U has to be finite, the wave breaking has to inevitably occur.
Since the first wave breaking occurs quite near surface (assuming it happens), we
will call this one secondary. However, the dependence of the saturation flux on
the third power of U (which generally increases with height in the atmosphere)
competes with the density decay and has a pronounced effect on the breaking
height.

Our next step will be to estimate typical altitudes, at which the secondary
wave breaking happens. In the troposphere in mid-latitudes, the wind speed gen-
erally increases with altitude until reaching the center of the upper tropospheric
- lower stratospheric (UTLS) jet [Manney et al., 2011]. Although wind speed dif-
fers depending on the season (on the northern hemisphere being largest at winter)
and geographical location, we can say that this local maximum of wind speed is
approximately between 10 to 20 km of altitude. After that point the wind speed
starts to decrease.

Let us assume that the residual momentum flux after the primary breaking is
slightly less than the saturation flux. Since the momentum flux does not change,
all we need for wave to break is a small decrease of 7, at any height. What we
want is then U%p < Ugpy, where Uy and py are wind speed and density at starting
level. Because of the third power of wind speed this does not happen nowhere

(2.5)

Ts
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up to the aforementioned maximum of the wind speed. Then, when the wind
speed starts to decrease, the secondary wave breaking occurs and some of the
momentum is deposited. This happens climatologically especially in the upper
part of the UTLS jet.

With these obseravations we can formulate a minimalistic parametrization

scheme that will account for the effects formed by [OGWsk.

2.2 Introduction of parameterization scheme

Many parameterization schemes were introduced throughout the years, and each
model has a slightly different parameterization, or at least uses a slightly
different set-up of the tunable parameters of the scheme. Nevertheless each of
these schemes follows similar basic theoretical concepts and considerations, which
we will illustrate following [Pierrehumbert| [1986].

Firstly, we must consider how much momentum flux is propagated to the
atmosphere and how it will be deposited there. As commented before, low-level
breaking can occur in the vicinity of the orography, however, only residual
momentum flux and its deposition is considered in the following.

The wave drag terms appear in the momentum equations (Eulerian equations
in a Cartesian, non-rotating frame for simplicity) after the Reynolds decomposi-
tion as a divergence of the Reynolds stress terms.

pll);; = —divF + pf, (2.6)
where % stands again for material derivative. We omit external forces, so ]? =0
and as we stated before, we assume only vertical propagation of [GWS Taking all
of that into consideration, the drag force has only two components:

ou ou ou ou 107,
o T U+ =

ot * Yor dy Yoz p 0z’
ov v v ov 107,

(2.7)

u and v are x and y components of wind velocity (from now we will call those
zonal and meridional wind). 7, and 7, are accordingly vertical fluxes of zonal and
meridonial wave momentum defined as:

1
o = 0xdy

/ pu'w' dz dy,
s

1
Te = —//ﬁv’w' dz dy,
0xdy .

where dx and dy are width and length of the grid, meaning we get average over
the grid area denoted S in the integral. However, the prime quantities are unre-
solved by the model and they have to be estimated from the resolved quantities.
For this, we return to the idealised one dimensional flow over a ridge as was in

1.30, meaning 7, = 0. Using the results from we can estimate the sourced

(2.8)

15



Figure 2.1: Representation of zonal wind (blue) and meridional wind (red)

momentum flux of freely propagating (OGWS, 7, that is the residual momentum
flux after the primary wave breaking as

_pU?
~ Nox
where G is a function of the inverse Froude number.

For F; << 1, i.e. a linear flow without breaking, we can say that «' and w’
are proportional to the height of the ridge, then

G(F), (2.9)

To

2
G(F))=EF!=E (%) : (2.10)
where E is the efficiency constant depending on the shape of the mountain. After
substituting to [2.9] we get

pUNh?

ox

This is the main equation used to calculate low-level momentum flux, that is used
in most models, with some small alternations. However, we must remember that
this is only a core of the parameterization and that many other aspects can be
employed in the parameterization schemes as we will see in the following
section.

n=F . (2.11)

2.3 Parameterizations schemes used in models

Once we illustrated basic physical mechanisms utilised by the parama-
terizations, we can start with the analysis of parametrization schemes and their
set-ups in different models and their effect on resulting We will com-
pare simulations from CMIP6 — Coupled Model Intercomparison Project Phase
6. Models at our disposal are MIROC-ES2L, MRI-ESM2, HadGEM3-GC31-
LL, UKESM1-0-LL, CESM2, CanESM5, IPSL-CM6A-LR, CNRM-CM6-1 and
GFDL-ESM4. These models come in different versions, but since the resulting
are mostly similar between the configurations of each model we will fo-
cus on the comparison only between different models in the following. Analysed
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quantity is utendogw [m/s/d] — the tendency of eastward wind due to [OGWHE,
which represents most frequently the deceleration of the westerly wind due to
parameterized OGWDL Our motivation is that CMIP6 provides for the first time
data in three dimensions allowing a detailed investigation of the
distribution between the models. As we can see from example in|Figure 2.2 where
we compare spatial average of 9 models at pressure levels 500 hPa (~=5574m) and
70hPa (~17662m) over the Himalayas in winter months of 2013/2014, specific
values of utendogw can differ significantly between the models. (Note: Average
height of the Himalayas is around 6000 m. However, the first chosen pressure level
should be considered as representative up to the next level which is at 400 hPa
so ~7185m).

Himalayas 500.0 hPa, DJF Himalayas 70.0 hPa, DJF
—— IPSL-CM6A-LR — IPSL-CM6A-LR
30 GFDL-ESM4 30 GFDL-ESM4
CanESM5 CanESM5
—— UKESM1-0-LL —— UKESM1-0-LL
20 MIROC-ES2L 20 MIROC-ES2L
—— MRI-ESM2-0 —— MRI-ESM2-0
CNRM-CM6-1 CNRM-CM6-1
= HadGEM3-GC31-LL = HadGEM3-GC31-LL
2 10 CESM2 £ 10 CESM2
E E
= 2
[w2) o
g 3
2 o . ~ — § O —m———————————
> \ / s . T
\\ // —
\\\,/
-10 . -10 \\
-20 -20
25 30 35 40 45 25 30 35 40 45
latitude [°] latitude [°]

Figure 2.2: Comparison of different models at two pressure levels, the Himalayas,
DJF, 2013/2014

In the following we will briefly describe the schemes used in the models, how-
ever, the official information is often limited by available papers and documenta-
tion concerning each model. Hence, in some cases, personal communication with
the model developers was needed to establish the results, although we have not
been able to confirm the tuning of all models. The following subsection concerns
especially scheme and model - specific handling of the surface momentum flux
and vertical distribution controlling parameters, such as F, as well as considera-
tions of the wave blocking, low-level breaking and anisotropy of the topography.
In some schemes F,, as we defined it, is replaced by other constant which repre-
sents wave blocking or breaking limits. We adjusted them in our description to
have a continuous definitions, which are alas in the accordance with the original
definition and setting in the schemes.
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2.3.1 MIROC-ES2L

Model with parametrization scheme based on McFarlene [1997] and with
nominal horizontal resolution of 500 km. Firstly, the surface momentum flux at
a reference level, 0", is defined as
Fo") = 7y = —E%hgpoNoljo, (2.12)

with " = 7;—;, where p, /, is the pressure at height r and at the surface respectively.
U is the horizontal wind velocity, k. is a representative horizontal wavenumber,
he is the effective height, which determines the wave amplitude limited by F,
and is defined as h, = min(2Sy, F.Uy/Ny), with S; being topography deviation
specific for each grid. All terms indexed by 0 are taken at the reference level. E
is an efficiency parameter always lower than one. Ek./2 taken together present
a tunable parameter which we denote K. And as we can see, it corresponds with
2.17] so that 1/6z = k. /2.

Vertical distribution of the momentum flux follows the saturation hypothesis,
and we can write the vertical profile of the momentum flux as

(o) = 7y (Ai?) pfjjjoléo‘ (2.13)

Where wind speed U is a projection of background winds to the direction of the
low level wind (U = U - Uy/|Uo|) and A(z) is the wave amplitude at height z.
The amplitude varies with altitude, however, it is constrained to be less than the
critical value of convective overturning, A(z) < F.U/N. If the amplitude does
exceed this value, momentum is deposited in accordance with the saturation
hypothesis. Saturation momentum flux is equal to after taking A(z) =
F.U/N.

This scheme employs wave blocking, but it does not take into account pos-
sible low-level breaking. Parameters in this scheme have following values, F, =
0.707, K = 8x 107 %m~!, 0" = 0.985, but we do not have confirmed that these are
the parameters used in the analysed simulation.

2.3.2 MRI-ESM2

This model uses the scheme introduced by [Iwasaki et al. [1989] and it has a
nominal horizontal resolution of 100 km. It is similar with the previous version of
the model MIROC-ES2L, but in the updated scheme two monocromatic modes
of are launched instead of one, which is used in most of the models. First
type is to account for effects of waves with A ~100km — type A, with the main
influence in the stratosphere. Second type is to account for effects of short waves
with A <10km — type B with the main influence in the troposphere.

The momentum at the reference level is defined in the same way as but
this time we need to distinguish between the type A and B of the waves. For
each type, different reference level is chosen.

75:(07) = —KhZpoi Noillor, (2.14)

where all variables are set according to ¢” and h, is defined similarly as in |Mc-
Farlene [1997] - he; = min(Sg, 0.5F. Uy /No;). Sga is defined as the standard
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deviation and Sy = 0.5(hpmar — Amin). Note the factor 0.5 in the definition of
effective height. In |Iwasaki et al. [1989] it is said to be due to the vertical drop-
ping of flow over sinusoidal terrain. This drop should be twice the length of the
wave amplitude.

Tunable parameter K is set to 2 x 107 for type A and 5 x 107° for type
B. F,. is in this scheme tuned separately for wave blocking F. = 0.67 and for
amplitude limitation concerning saturation hypothesis F. = 1. Other parameters
are 0y = 0.9 and o = 0.97. However, these parameters were not confirmed for
the analysed simulation. Note, that reference level of type B is set lower. This is
based on the assumption that shorter waves are formed at lower altitudes.

Vertical evolution of drag for type A follows Palmer et al. [1986] and since it
again follows the saturation hypothesis, it will not be further described here. For
type B it is defined as

7p(o) = {0 o5 <03, (2.15)

— 0—0.3)2
TB<UTB)% o > 0.3.

Type B waves are mostly reflected by the upper troposphere downward to the
surface where they can be again reflected until they dissipate. As we can see, the
momentum flux is greater as we go lower, with ¢ = 0.3 being around 9 km, so in
the upper troposphere. Parameterization of effects of short waves is not usual in
other schemes. Drag from low-level breaking is not considered.

2.3.3 HadGEM3-GC31-LL and UKESM1-0-LL

These two models are grouped together because of the use of the same scheme
defined by Webster et al.| [2003]. The stability is constrained by the saturation
hypothesis as in (Gregory et al.| [1998]. Both models have nominal horizontal
resolution of 250 km. Anisotropy of the subgrid-scale orography is considered in
the scheme describing a dependence of the elevation on the direction. For that
reason we define ¢,,, ¢, and ¢, as

Buo = (ah(“’y)>

ox
Oh(z,y) Oh(z,y)
— 2.1
Duy ox oy (2.16)

oh(z,y)\’
¢yy_< (aa:;w)a

where h is the height of the topography. This anisotropic handling of the subgrid
orography should improve the resulting parameterized [OGW| momentum fluxes.
With this we define surface stress that accounts for the anisotropy of the

orography as
Tox = —KpoN()uO((me COs X + Qb:vy sin X)7 (2 17)
Toy = — K poNovo(¢ay cOS X + ¢y sin X),

where 79, is the zonal component and 7y, is the meridional component of the
surface momentum flux and y is the direction of the wind near the surface relative
to the west.
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To include wave blocking, h. is defined similarly as in previous cases, h, =

F.Uy/Ny. Finally we acquire surface [DOGW] stress

he\”
?gw — FO (h,) 5 (218)

which is the residual momentum flux that will be propagated upwards. The
momentum that is dissipated due to low-level breaking and or blocking,

Ty =Ts — 7_-'gw: (219)

is included in the model and is deposited uniformly up to altitude h, so it is
not omitted completely. Since effects of this drag from blocking are explicitly
implemented to the wind fields, this drag is limited to numerically stabilise the
scheme [Walters et al. 2011]. In this scheme, the values of free parameters are
recommended to be K ~ 107°, F. = 0.5. However, for HadGEM3-GC31-LL,
we have confirmed that Froude critical number is 0.25 and it is different for the
saturation test, where it is equal to 4.

2.3.4 CESM2 and CanESM5

The models CESM2 and CanESM5 are also based on the same scheme. It is
described in |Scinocca and McFarlene| [2000], which is building on the scheme by
Lott and Miller [1997]. The models, however, have a vastly different nominal
horizontal resolutions. CESM2 has 100 km and CanESMS5 has 500 km. The pa-
rameterization scheme is a more elaborated one, consisting of three components.
That is the scheme for freely propagating waves, for the low-level breaking and
for the wave blocking. Here, we will focus on the freely propagating only.

Two waves are used to propagate the momentum flux. We will denote the
momentum flux for each wave as 7+ and 7, where one is the positive half of the
integral from which the momentum flux is derived and the other is the negative
half, i.e. one is from (0;7/2) the other (—m/2;0). Values for these momentum
fluxes in the model are derived from the pressure drag force from constant flow
over topography. Complete derivation in [Scinocca and McFarlene [2000] leads to
moment fluxes as following,

+ -
7t = —ipoNoUo cos 0" (h))?,
2 (2.20)

7 _%pONOU'O cos6~ (h;)?,

where 6 is the angle that drag vector makes with x-axis, so that the cosine stands
for the efficiency constant E. Effective height is defined as

ht = cos 0 min(he, F.Uy/Ny),

2.21
h, = cos 0" min(he, F.Uy/Ny). ( )

The other two components of the parameterization are too extensive to be
described and beyond the scope of this thesis. However, the fact that the mo-
mentum flux for both low-level breaking and wave blocking is not omitted but
redistributed is important for our comparison.
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Critical Froude number for this parameterization is recommended to be F, =
0.707. We could not find the value of a parameter concerning the wave length x.
It is also mentioned that this scheme underestimates surface dimensionless drag
in case of F; 2 1 and that in comparison with one-wave scheme it transports up
to 30% — 50% more of momentum flux to the middle atmosphere.

For the analysed CanESM5 simulation we have found out from personal com-
munication a specific choice of F. = 0.22. Lower Froude critical number was
employed, because 0.707 caused too much momentum flux to be transported up.
Result was too much drag in northern hemisphere winter in the lower strato-
sphere. This caused lower values of wind than observed (Scinocca,lJ.,personal
correspondence). For the CESM2 simulation we have confirmed from personal
communication a specific setting F. = 1, hence much lager than for the CanESM5
simulation.

2.3.5 IPSL-CM6A-LR

This model uses the scheme Lott| [1999], which also bases on [Lott and Miller
[1997], with a nominal horizontal resolution of 250km. The parameterization
concerns freely propagating waves and a blocked flow. The effective height h. is
equal to

himaz N
/h - d:<F (2.22)

b
where hy is the blocking height. Drag force from this blocked flow is distributed
in levels below hy.
Residual momentum flux is than calculated as

7= —E(hmw—hb)onNoljo%(B cos 2+ C'sinv?; (B—C) cos ¥sin ), (2.23)
d
where 0,1 are a slope of the obstacle and the angle between the flow and a
direction of the obstacle. B and C' are constants dependable on v, which is a
measure of the anisotropy of the orography. These are as follows

B=1-0.18y - 0.04y2

) (2.24)
C = 0.487 + 0.392.

Vertical distribution of the drag is controlled by the saturation hypothesis. To
account for drag from low-level wave breaking, a parameter [ is introduced.
The momentum flux then decays by this parameter up to the level of 850hPa.
Parameters in the scheme are not confirmed for our analysed model. In|Lott [1999]
they are chosen as F,. = 1 for blocking and F,. = 2 for saturation, £ = 1,5 = 0.5.

2.3.6 CNRM-CNM6-1

This model has a nominal resolution of 250 km and parts of the scheme it uses
are described in |Déqué et al.| [1994] and |Geleyn et al.| [1994], with additions in
Catry et al. [2008]. Brief description can be found in the article describing the
whole model, [Roehrig et al.| [2020].
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This scheme takes into consideration not only the wave breaking - dissipa-
tion, but also resonance and reflection effects. Complete vertical profile of the
momentum flux is then given as

7(z) = (I'1(2) + Ta(2) + T's(2)) 70, (2.25)

where T is the already known surface stress and I'y, 'y, I'3 stand for dissipation,
reflection by a neutral or unstable level, and damping or amplification by reso-
nance, respectively. The latter two effects were not included in any other model
scheme so far. Surface stress is defined as in Boer et al.| [1984]

7_-)O = _KGWpONOhrms[j()? (226)

where h,.,,s is the root-mean-square of the variance of the orography, and Kgy is
a dimensionless tuning parameter, which can however be transcribed as Koy =
Ehyms/l, where [ is the typical distance between topographical features in the
grid. Supposing this is the possible horizontal wavelength of [OGWk, we get the
same definition as we saw in some of the previous schemes.

Taking Froude number defined as F(z) = N(2)hms/U(2) and U(z) as in[2.13]
we can introduce I';. This gets us the vertical distribution

_ PINRU()/F?
I'y(2) = max|0, rznirzlf‘( ], T(z) = o Noll Tall /12 (2.27)

We will not describe I'; and I'3, meaning reflection and resonance, analytically,
but we must consider their effects. Namely for I's it means greater deposition of
the momentum flux in breaking levels, meaning lesser residual momentum flux
in levels above it. For I'; it means possible amplification or damping of stress at
the breaking level depending on the scale of the vertical wavelength relative to
the depth of the breaking layer.

The scheme also considers anisotropy by adjusting wind speed and wave block-
ing by multiplying the final momentum flux by coefficient dependent on F,.. This
is supposed to enhance the drag, implying the drag is redistributed to blocking
level. We have confirmed for this model, the specific choice of F, = 0.5 and
Keow = 1.5 x 1073 and as we showed before, it can be related to h/dx or Kh in
previous definitions.

2.3.7 GFDL-ESM4

This model uses a parameterization scheme by Garner [2005], as described in
Zhao et al. [2018], and it has a nominal horizontal resolution of 100km. This
parameterization is based on a different physical mechanism than the previous
ones. Previous schemes are guided by statistical anisotropy and height of the
obstacle, whilst this one employs analytical approximation of a drag vector. The
authors suggest, that it is not necessary to statistically describe anisotropy of

unresolved topography. Instead, a potential y is introduced such that Vy = poU

where U’ is a perturbation of the horizontal velocity, meaning nabla is in this case
only a horizontal operator.
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This y can be expressed as a function of wave numbers, or in spatial coordi-

nates as follows .
N h(z'
X(Z) = —g—ﬂ// (xl da’ dy'. (2.28)

|7 — |

It is said in Garner| [2005] that topography can be analytically described with am-
plitudes of Fourier transform, so as a spectrum of possible waves, B(E), where k is
only the horizontal wave vector. This can be also expressed in spatial coordinates,
h(:g’ ), which is the term we see in definition of our potential.

(2.29)

With that we define the base vertical flux of horizontal momentum or stress as

pN
To =

=N, [Vx(VR)U, (2.30)

where VY (Vh)T could be transcribed as a matrix. This matrix considers
anisotropy, variance as well as the amplitude of the topography.

The parameterization scheme also considers the drag from wave blocking and
deflection, where blocked layer is defined using F.. However, the difference is
that, the authors do not take the height as an average of a grid cell, but take h as
a variable within each grid so that it corresponds with the assumed distribution
of mountains. The drag from low-level blocking and or breaking is distributed
near the surface. We can then divide the total momentum flux into the freely
propagating and blocked components

7_"= ap?o +ab?b, (231)

where a,, a, are considered to be tunable parameters.

Vertical distribution of the drag is then controlled by the saturation hypothesis
with addition of assumed mountain distribution. Critical number is in the scheme
tuned to F,. = 0.7, and we have confirmed this number for the analysed simulation
as well. Other two parameters are a, = 1 and a;, = 5, where the large value for
low-level drag is due to the low resolution of the model.
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3. Intermodel comparison of
parameterized OGWD

Goal of this comparison is to primarily point out how much the resulting drag can
differ between the models and parameterizations, and how much the tuning of
the parameters can influence it. For some of the models we have confirmed spe-
cific values of parameters, these are (in short name) CNRM, CanESM5, CESM2,
HADGEMS3 and GFDL. For the rest the exact setting of the free parameters used
in the analysed simulations is unknown. Although we have in some cases two mod-
els with the same parameterization, we do not have two parameterizations used
in one model. Therefore, every hypothesis concerning the differences between the
schemes and models is probably only a small part of the real reasoning.

3.1 Parameterized OGW drag

We will proceed with comparison of utendogw values from CMIP6 simulations,
that are for the first time available on a 3-D grid as monthly means at 19 pressure
levels, a summary of the data used is given in the attachment [A.1 Note that
the underlying resolution of each model is different, see attachment for the
summary of specific values of resolution and other differences in datasets from
CMIP6. For distribution analysis we use data from AMIP simulations. For trend
analysis we use data from historical and ssp460 simulations.

For diagnosing and visualising the data we used Python. First, we checked
the horizontal distribution at different pressure levels. Examples of two
models are shown in [Figure 3.1} All the models capture the asymmetric
distribution reasonably well and we can identify the major hotspots connected
with significant topography of the Earth. However, looking at the scale of the
colorbar, we can already see great difference in the magnitudes of utendogw.

For our following analyses we chose 4 hotspots, these are West Amer-
ica - the Rocky Mountains, South America - Southern Andes, the Himalayas and
East Asia — Japan, Korea and Sichote-Alin. They are displayed in [Figure 3.2
The highlighted areas are used for spatial averaging, with specific values sum-
marised in the attachment [section A.3l In our analyses we combine a hotspot
view with a zonal mean framework to give a detailed picture of the differences.
In our hypotheses we focus our attention on the parameter F., which is known
to have a large impact on the results (Webster et al.|[2003], Scinocca,J. personal
correspondence, Ridley,J. personal correspondence) and is used in all parameter-
izations. First we compare the spatially averaged over the Himalayas
at different pressure levels. We choose the Himalayas in winter months, because
of the climatologically largest values that can be found here. Although
we use only one winter of 2013/2014 to have more clear comparison, we did also
average over years 1980-2010 (not shown), that confirmed the differences between
models.

Plots in show the spatially averaged from ~3000m up to
~22000m of altitude, with average being specifically over the longitudes 70° —
105° from latitude of 22°—46°. We can clearly see two regions of more pronounced
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Figure 3.1: Examples of utendogw values, yearly average 2013/2014
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Figure 3.2: Chosen hotspot areas

values. First represents the low-level drag due to primary breaking and other low-
level mechanisms at ~5000 m and other region that represents secondary breaking
at ~ 18000 m. This is in agreement with our estimation of breaking levels. Having
verified the existence of the two regions with pronounced we make an
intermodel comparison at each of those regions.
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Figure 3.3: Spatial averages of utendogw values, the Himalayas, DJF, 2013/2014

We make this comparison for all four hotspots, in the northern hemisphere
winter months, DJF - December, January, February, except for the Southern An-
des where we take JJA - June, July, August - southern hemisphere winter months.
Note that the levels of primary and secondary breaking can be generally different
for each hotspot, because of the height of the topography and background winds.
Nevertheless, we were able to identify both breaking regions for all hotspots (not
shown). We will start with the first region and although we know that the drag
there is not from the primary wave breaking alone, we will call this region primary
breaking level for simplification.

We can see in [Figure 3.4] that some models have consistently larger drag
values than the other models, meaning early deposition of the momentum flux.
Those models are IPSL, which shows the largest values of models for all hotspots,
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Figure 3.4: Comparison of the primary breaking level at different hotspots

CNRM, MRI, GFDL and CESM2, although the last one shows significantly
smaller values. Other four models show practically zero utendogw values.

Explanation behind the large values of IPSL may stem from the decaying
parameter . Although it is said to cause the decay up to 850hPa, we must
remember that in the example of the Himalayas, the topography reaches much
higher altitudes which influences the results. It is also in accordance with the fact,
that this scheme distributes low-level drag from breaking and blocking. However,
it is not quite in accordance with F,. = 1. We do not have confirmed this number
for this model and it is possible that the tuning is different.

In case of CNRM with F. = 0.5, we expect a pronounced momentum deposi-
tion due to blocking enhanced by reflection. That would be in accordance with
the plot. Also, because of the small critical number, we do not expect large values
of momentum flux escaping higher.

MRI does not consider drag from blocking explicitly. The explanation can
probably be due to the type B waves, meaning waves with short wavelengths
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that are trapped in the troposphere and enhance the low-level drag. Since we
do not have established the values of the parameters for this model, it is also
possible, that F, is tuned differently.

The low-level drag values of GFDL are probably caused by the specific han-
dling of deflection and wave blocking in the scheme and the enhancing parameter
ap. Since F. = 0.7 we can still expect lot of momentum escaping higher.

Although CESM2 and CanESM5 have the same parameterization, due to
complexity of the models and different tuning untedogw values are not completely
similar. We know, that for CanESM5 the critical Froude number is definitely 0.22.
Plus the fact that scheme by |Scinocca and McFarlene [2000] takes into account the
drag from wave blocking as well as wave breaking would imply possibly big values
of low-level utendogw, which we do not see as pronounced in the comparison.
CESM2 has F. = 1, hence we would expect lower low-level drag values than
for CanESMb5, however we see the exact opposite. We do not have any definite
explanation for that as of yet, tentatively different resolution of the models can
play a role.

For MIROC, we can explain the small low level drag values by the fact, that
the low-level blocking and low-level breaking is not accounted for explicitly. For
this model and also CanESM5 we may also consider the influence of the very low
resolution of 500 km.

HadGEMS3 and also possibly UKESM1 have quite a low setting of F. = 0.25,
so we would expect large values of utendogw, which does not agree with our data.
Possible explanation could be in the limitation of the low-level drag handling in
their parameterization.

Next we will compare data at higher altitude at the level of secondary wave
breaking. In [Figure 3.5 we can see that GFDL, MRI, MIROC, CanESM5 and
CESM2 show pronounced drag values. For GFDL and MIROC we could probably
account this to the critical number which is for both schemes similar F, ~ 0.7. It
suggests that a lot of the momentum escapes from the surface, but also it is low
enough so that according to the saturation hypothesis the waves will be prone
to breaking. From the comparison, such a large values could indicate that those
two models overestimate the drag in this region.

MRI has lower values than the two previous models. That would be in accor-
dance with F. = 0.67 for wave blocking as well as with F, = 1 for saturation.

CanESM5 although with small F., does employ a two wave scheme, which
should allow more momentum flux to be propagated further in the atmosphere.
Indeed, we can see that CESM2 has at this level for all hotspots significantly
larger drag values than CanESMS5, which is in accordance with F, = 1 used in
CESM2 (higher than recommended values for this parameterization), leading us
to the conclusion that the parameterized is probably overestimated in
CESM2.

For a general picture, we performed also a zonal mean analysis. This is done to
eliminate a possibility, that our findings can be applied only to a certain areas with
more prominent topography. As we can see from [Figure 3.6| the hotspot specific
results hold also in a zonal mean. Globally, this is summarised for 70 hPa in
[Table 3.1 We choose pressure level of 70 hPa, because as we can see in [Figure 3.6
there is an interference near surface above the antarctic area in several models.
It shows us, that the total drag is by far largest for MIROC, followed by GFDL
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Figure 3.5: Comparison of the secondary breaking level at different hotspots

Table 3.1: Global average of parameterized [(OGWDI at 70 hPA

and CESM2 and that differences between CanESM5 and CESM2 are significant.
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Figure 3.6: Zonal average, DJF, 2013/2014

3.1.1 Summary of the comparisons

We cannot easily say which parameterization is the best as there is not enough
observational constraints and also all the mentioned explanations are only hy-
potheses. However, in terms of the distribution, where we expect some drag at
low altitudes and some drag around 20 km we can divide the models into 4 cat-
egories. First one probably underestimates the drag in both regions. Into that
category we can put both HADGEM3 and UKESM1. Since they share one pa-
rameterization, Webster et al. [2003], we could assume the problem lies here and
in the combination of the used Froude numbers, which is 0.25 for blocking and
4 for saturation. However, we cannot tell why the drag is so small in the whole
profile (and hence the launched momentum flux has to be small) for both models.
In there is shown the distribution to the utmost level which we have
available.

Second category would be models that underestimate only the low level drag
compared to other models. Those models are CanESM5, MIROC and CESM2.
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Figure 3.7: Vertical distribution, the Himalayas, DJF 2013/2014, underestimation
at both breaking levels

CanESMb5 and CESM2 share the same parameterization Scinocca and McFarlene
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Figure 3.8: Vertical distribution, the Himalayas, DJF 2013/2014, underestimation
at the primary breaking level

2000], so it would seem that answer could lie in the scheme. Also we could not
find reasoning behind the underestimation, we can say, that for the two-wave
scheme low F, is needed to limit the values at the secondary level. Otherwise
large values, which we see in CESM2 with F. = 1 occur. Underestimation in
MIROC can be explained by not considering the drag from low-level breaking
and blocking. From comparisons with other models, we can also say that using
F. =~ 0.7 for both blocking and saturation causes underestimation of the low level
drag and possible overestimation at the secondary breaking level.

Third category underestimates the drag compared to other models at the
secondary breaking level, which is the problem for IPSL and CNRM. The values
of CNRM are non-zero but small, which can be caused by F, = 0.5. Since we
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can see quite large values at the surface, it would seem that by increasing F,,
more momenta would be propagated to the free troposphere and dissipate higher
up. The dissipation profile seen for IPSL could be due to the decaying factor
employed in the parametrization for the low-level drag and due to the F,. & 2 for
the saturation. However such small values are still surprising.

Last category groups the models that give pronounced drag in both regions.
In that case it seems that including short waves, as well as long ones, as we see
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in Iwasaki et al|[1989] in MRI brings good results. With F. = 0.67 a lot of
momentum flux escapes higher, where the saturation is defined by larger F. =
1, so that there in not a large overestimation . In GFDL we can see possible
overestimation of the drag from secondary breaking similarly as in MIROC, which
could be connected to using F,. &~ 7 for both blocking and saturation.

3.2 Trends

Final part of our research concerns the possible emergence of long-term trends
in the parameterized Since this is a complex task, this section wants
to merely point out how differently is drag evolving throughout the years in
different models. This, of course, cannot be explained by the differences in the
[OGWlparameterizations alone, on the opposite, we expect that the[QGWDItrends
will differ due to the differences of the underlying background climate changes
projected by the models.

We do not have historical and future simulation runs for all the models. We
will show here only two, for which we have the longest time period from 1850 to
2050. Those models are MRI and IPSL. We used Mann-Kendall trend test to find
and confirm trends. We conduct this test on a global average to see the changes
of the total DGWDI We compute the trends for annual mean as well as seasonal
mean data. We set the significance level a = 0.01. In this test, trend is recognised
if the p —value is less than the significance level. This test also provides so called
Mann Kendall’s score. This score works on a simple principle, if the value of our
variable is greater than the previous one it adds 1 to the score. If it is less than
the previous value it subtracts 1, meaning larger the absolute value of the score,
more prominent the trend is. Another variable is slope or so called Sen’s slope
which represents magnitude of the change. Following are tables with results of
this test. We conducted this test on 700 hPa and 70 hPa levels. We would like
to remind that the trend of increasing of utendogw values means lowering of the
drag and the term decreasing means enhancement of the drag with time.

Test at 700 hPa - MRI-ESM2-0 | Trend p-value Score Slope

M-K original no trend 0.2861 -1018 -6.53e-6
M-K original - JJA months decreasing 0.0018 -2954 -3.63e-5
M-K original DJF months increasing 0.0014 3052  4.06e-05
M-L seasonal test no trend 0.4812  -2310 -3.76e-6

Table 3.2: Mann-Kendall trend test, 700 hPa, MRI-ESM2-0

Test at 700 hPa - IPSL-CM6A-LR | Trend p-value  Score Slope
M-K original increasing 5.43e-11 6254  1.183e-4
M-K original - JJA months increasing 0.0019 2942 1.08e-4
M-K original DJF months increasing 1.79e-7 4978  1.534e-4
M-L seasonal test increasing 1.55e-15 26138 1.197e-4

Table 3.3: Mann-Kendall trend test, 700 hPa, IPSL-CM6A-LR
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Test at 70 hPa - MRI-ESM2-0 | Trend p-value Score  Slope
M-K original decreasing 0 -9182  -8.897
M-K original - JJA months decreasing 4.441e-16 -7722  -5.153
M-K original DJF months decreasing 4.8e-4 -3328  -4.742
M-L seasonal test decreasing 0 -62696 -8.401

Table 3.4: Mann-Kendall trend test, 70 hPa, MRI-ESM2-0

Test at 70 hPa - IPSL-CM6A-LR | Trend p-value Score  Slope
M-K original increasing 0 9938  2.677
M-K original - JJA months no trend  0.967 40 1.292
M-K original DJF months increasing 7.572e-14 7130  2.844
M-L seasonal test increasing 0 47940 2.241

Table 3.5: Mann-Kendall trend test, 70 hPa, IPSL-CM6A-LR

We can see, that the altogether trends are rather opposite when comparing the
models. This differences are important to recognise, for they could tell us how
the [OGWS5E react to different forcings and time evolution of the models.
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Conclusion

are a naturally occurring an ubiquitous phenomenon in the atmosphere.
They exist on a wide range of horizontal as well as vertical scales and have
important dynamical influence on the atmosphere, which is related to a drag
force resulting from their dissipation. During the dissipation, the momentum
flux propagated in the form of to the atmosphere from the surface is
deposited in the breaking regions. Due to the low resolution of the current global
climate models, effects of unresolved (majority of their spectrum) must
be parameterized. The goal of this thesis was to compare parameterized OGW
drag from different models.

In this thesis, we first described analytically and illustrated the mech-
anism of their formation. In the second chapter of the thesis, we sketched the
basic concept of the parameterization schemes. We reviewed and briefly
described 7 different parameterizations which are used in 9 CMIP6 model simula-
tions analysed in this thesis. The underlying physical mechanisms and tuning of
the free parameters were detailed for each scheme, in some cases using unique (un-
published) information established from personal communication with the model
developers. We then took the drag data from the CMIP6 simulations and per-
formed an intermodel comparison of the magnitude and distribution of the drag.
We focused on four different hotspots around the globe, that show the largest
values of the drag.

Differences between the individual models are greater than initially expected.
From the theory we expected to see two pronounced regions of breaking.
This was however not the case for all of the simulations. Some models showed
either too large or too little dissipation near the surface which sometimes con-
sequently leads to either too small or too great values of drag at the secondary
breaking level. We also indicated two models that most likely strongly underes-
timate the drag in both breaking regions. To summarise the results we grouped
the simulations into four categories based on the magnitude and verti-
cal distribution. Although the reasons of these differences cannot be identified
with certainty, for each model and parameterization set-up we provided a
tentative explanation for its performance, informed by the physics and tuning of
each scheme.

Finally we have chosen two model simulations and analysed the long-term
evolution of Also for the trends we have found large differences between
the simulations. However, the reason for the difference cannot be most likely at-
tributed to the different parameterization schemes as the long-term drag changes
are influenced by the co-occurring changes in the background fields of the models
that enter the parameterization and are not identical among the simulations.

This thesis is unique as such a systematic inter-model comparison of
parameterizations and the resulting drag was never conducted before in the lit-
erature to the authors knowledge. The main message is that there are unexpect-
edly large differences between the models and different schemes, showing that
the state-of-the-science handling of the parameterized is still imperfect,
which then adds an undesirable portion of uncertainty to the future climate pro-
jections. This can be most problematic esp. for chemistry-climate models that
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rely on a precise information on transport processes, or for assessments of future
regional circulation changes that are both very sensitive to localized nuances of
the model dynamics.

This thesis also indicated a need for a follow up research that is to date also
missing in the literature, namely an inter-comparison of different param-
eterizations applied in one selected model for experimentation with the tuning
parameters to get a clear idea about the actual performance of the different
schemes.
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A. Attachments

A.1 First Attachment

1000 925 850 700 600 500 400 300 250 200

Pressure levels [hPa]: 150 100 70 50 30 20 10 5 )

Experiment ID: distribution: amip trends: historical + ssp460

Table 1D: Emon Frequency: Monthly

A.2 Second Attachment

Model Hor. res. [km] Variant label for CMIP6 Param. scheme

CanESM5 500 rlilplfl Scinocca and McFarlene| [2000]
CESM2 100 rlilplfl Scinocca and McFarlene|[2000]
CNRM-CMG6-1 250 rlilplf2 Déqué ot al.| [1994] [Geleyn et al.| [1994]
GFDL-ESM4 100 rlilplfl Garner| [2005)

HADGEM3-GC31-LL | 250 rlilplf3 Webster et al.|[2003]

IPSL-CM6A-LR 250 r2ilplfl Lott||1999

MIROC-ES2L 500 rlilplf2 McFarlene||1997]

MRI-ESM2-0 100 rlilplfl Iwasaki et al.|[1989]

UKESM1-0-LL 250 rlilplf4 Webster et al.|[2003]

A.3 Third Attachment

Hotspot Latitude Longitude

The Himalayas | 22°N - 46°N  70°E - 105 °E
West America | 20°N - 60°N  100°W - 135°W
East Asia 30°N - 55°N  125°E - 146 °E
South America | 20°S - 56°S  65°W - 76°W
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