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Abstract. Exact solutions to the governing equations for atmospheric motion are derived which model nonlinear gravity
wave propagation superimposed on atmospheric currents. Solutions are explicitly prescribed in terms of a Lagrangian
formulation, which enables a detailed exposition of intricate flow characteristics. It is shown that our solutions are well-
suited to modelling two distinct forms of mountain waves, namely: trapped lee waves in the Equatorial f-plane, and vertically
propagating mountain waves at general latitudes.
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1. Introduction

This paper presents new exact solutions which model nonlinear atmospheric gravity waves. The most
general form of this exact solution represents three-dimensional motion corresponding to a wave-like term
superimposed on a mean vertical and horizontal wind drift (in a fixed vertical plane), with a variable
transverse wind flowing orthogonal to this plane. The solutions are prescribed explicitly in a Lagrangian
framework. In general, exact solutions offer an invaluable insight into the mathematical structure of any
given problem. From a physical perspective, while exact solutions are idealised representations of fluid
flows, they provide a foundation upon which more realistic and observable flows may be constructed. In the
past decade, there has been a flurry of mathematical activity generating exact solutions for homogeneous
inviscid fluid flows in the context of geophysical water waves (see [4,10,17,19], and the reference therein)
building on Gerstner’s solution. In the context of the solution presented in this paper, we note that the
inclusion of a transverse current for ocean flows was first achieved in [15,16].

There is a dearth of similar exact solutions in the more intricate setting of compressible atmospheric
flows. This is not surprising since the jump in complexity from modelling water waves, to modelling
waves in the atmosphere, is vast. In addition to satisfying the Euler equation and the equation of mass
conservation, solutions are also required to satisfy the equation of state for the air, and the first law
of thermodynamics see [7-9]. Moreover, very few papers are devoted to nonlinear atmospheric flows
in Lagrangian coordinates, although where Lagrangian solutions do exist the level of insight into the
resulting kinematical and flow properties which is readily available (see, for example, [5]) is far richer
than for solutions which are derived within the Eulerian setting (cf. [20,22,23]). An exact nonlinear
Lagrangian solution for incompressible inviscid air flow on an interface between two regions of constant
density was derived in [24], while recently in [6] this work was significantly generalised to accommodate
a continuous density variation as well as a tilted direction of wave propagation.
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In this paper we generalise the two-dimensional flow in [6] to three dimensions by introducing variable
transverse currents into the exact solution, and further generalise the structural complexity of the gov-
erning equations by incorporating the Coriolis effects of the Earth’s rotation. We consider waves whose
physical scale is such that we may neglect the Earth’s sphericity, but we aim to retain the effects of the
Earth’s rotation by incorporating Coriolis forces in an f-plane approximation. The conclusions of this
paper are:

(i) There exist exact atmospheric gravity wave solutions to the f-plane approximation in the equatorial
region. These solutions consist of nonlinear waves propagating along the equator superimposed on
a constant mean zonal current, and a variable transverse current flowing meridionally. However, it
is not possible to incorporate a mean vertical current into this type of explicit solution.

(ii) Neglecting Earth’s rotation, one can incorporate mean vertical currents into an exact solution.
Atmospheric gravity waves may propagate both vertically and horizontally, due to air compressibility
and stratification. In atmospheric flows the horizontal velocity component is usually many orders
of magnitude larger than the vertical [31], which is often neglected. However, situations exist where
this is not the case, such as mountain waves.

The first scenario described in (i), and presented in Sect. 4.1, offers a model for trapped lee waves, whereby
a moderate wind is forced upwards by a mountain, in the process overshooting the mountain peak. This
upward wave propagation may then be arrested, and deflected downwards, by a variety of factors, such
as the existence of a thermal inversion layer (which acts like a lid on the updraft), or by the presence of
a unstable layer aloft comprising much stronger winds, see [26,32]. The affected air parcels alternately
fall and rise, due to cooling and heating effects (and the associated interplay between competing gravity
and buoyancy forces), thereby initiating a series of oscillations.

Since the wind energy is trapped within the stable layer, these mountain waves propagate for long dis-
tances (from tens, to hundreds, of kilometres downstream [28]) downwind on the lee side of the mountain,
and at altitudes close to the mountain peak.

The second scenario modelled in (ii), and described in Sect. 4.2, generalises a recently derived solution
[6] which models upward-propagating mountain waves by incorporating a variable transverse current.
Upward propagating mountain waves feature a vertical velocity component which is significant, and they
can occur where there is no thermal inversion layer above the mountain peak, and when the wind speed
also does not increase significantly with altitude. In this setting, and when the air temperature and
density also decrease above the mountain peak, atmospheric waves propagate upwards into the lower
stratosphere [29] (unless they steepen and break before reaching the tropopause) with wave amplitudes
increasing with ascending altitude.

Mountain waves typically comprise a laminar layer of smooth waves, with layers of clear air turbulence
aloft and overturning eddies (rotors) beneath. The exact solutions we present model flow in the smooth
laminar layer, satisfying the nonlinear governing equations for inviscid compressible flow that we now
present.

2. Preliminaries

The physical scales relating to the waves being considered enable the sphericity of the earth to be neglected
[31], therefore the governing equations will presented in terms of a Cartesian coordinate frame with the
z’-axis in the horizontal direction of wave propagation, the y'-axis lying horizontally orthogonal to it, and
the z’-axis pointing vertically upwards. Then (u’,v', w’) is the velocity field of the fluid, p’ is the density
of the fluid, P’ is the atmospheric pressure, 7’ is the (absolute) temperature, and ¢’ = 9.8ms~2 is the
gravitational acceleration at the surface of the earth. Primes denote physical variables throughout, and
these will subsequently be removed when variables are non-dimensionalised.

The full generality of the model being considered incorporates the effects of Earth’s rotation, with
Earth regarded as a perfect sphere of radius R = 6378 km with constant rotational speed of ' =
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7.3x 1075 rad/s. Then the governing equations (see [18]) for equatorial flows in the f-plane approximation
take the form of the Euler equations
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Here Q' is the heat-source term, c; ~ 1000m?s~2K~! is the specific heat of dry air at an atmospheric
pressure of 1000mb, and R’ ~ 297m2s 2K ~! is the gas constant for dry air.

The applicability of the inviscid governing equations (2.1)—(2.4) to modelling atmospheric waves, and
in particular mountain waves, is discussed in greater detail in [6,28,29,32,34]. The Euler equations given
in (2.1) correspond to an f-plane approximation in the equatorial region whereby the 2z’ and 3’ axes
point in the longitudinal and latitudinal directions, respectively. This model is valid when latitudinal
variation about the equator is relatively small, and can be taken as fixed. The terms involving € in (2.1)
capture the Coriolis effects of the Earth’s rotation, and these effects can be neglected by setting 2 = 0
(which is applicable for waves whose physical scales are such that the effects of the Earth’s rotation are
insignificant). The resulting Euler equations (2.1) are then applicable to general locations on Earth, and
are not restricted to the equatorial region.

The equations of motion can be non-dimensionalised by introducing new variables ¢, x, y, z, w, v, w, p, P, T
by way of the transformation

t'= (LU, (2',y,2") =L (z,y,2), (W, v, w)=U'"(u,v,w),
p=pp, P =pU"P, T'=(U?R)T. (2.5)

Here p' ~ 1 kg m~3 is the average density in the lower troposphere [33], and L’ and U’ are characteristic
physical scales for the wave length and speed. In the setting of short mountain waves, suitable choices
are L' = 2km and U’ = 20 m s~ !, leading to L' /U’ ~ 100 s, p’U’? ~ 1072 atm, and (U"?/R’) ~ 1°K.
We note that 2 km is smaller than current grid spacings in global weather and climate prediction models
[30], further motivating the pursuit of a theoretical approach in modelling and understanding these
atmospheric gravity waves.

T Birkhauser



6 Page 4 of 11 D. Henry JMFM

The change of variables (2.5) leads to the nondimensionalised governing equations

%-’-U% +v%+w%+2ﬂw:—%g—i, (2.6a)
%Jru%Jrvg—Zer%:*%% (2.6b)
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Equations (2.6d) and (2.6e) lead to
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where % = 0, + udy + v0, + wd, is the material (or convective) derivative. Consequently, the (non-
dimensionalised) potential temperature

o1 () .

is conserved for each fluid parcel. (The potential temperature for a fluid parcel is the temperature that the
parcel would attain if adiabatically brought to a reference pressure Py, where P, is usually chosen to be
1,000mb). Note that the potential temperature 6 can be considered as an alternative variable for entropy
(see [11]), hence relation (2.7) ensures that system (2.6) satisfies the second law of thermodynamics (see
[1)-

The approach we employ for the construction of exact solutions to the system of governing equations
(2.6) follows the viewpoint that, knowing the velocity field (u, v, w), the pressure P, and the density p of a
fluid parcel, the ideal gas law (2.6e) then prescribes the temperature 7 and the first law of thermodynamics
(2.6f) identifies the heat sources. Dealing with heat sources is a particularly intricate modelling issue when
air moisture and water vapour are involved [7-9]. However, matters are simplified when dealing with, for
instance, mountain waves. These are gravity atmospheric waves resulting leeward from the crest of a
mountain range whereby the air, which experiences a relatively uniform orographic lift up the mountain
slope, develops a complicated downstream flow pattern corresponding to oscillations in the flow velocity,
air temperature, and atmospheric pressure, see [12,21,25,27,28,34]. The orographic lifting of air particles
can (outside regions of active precipitation—see the discussions in [6,18]) be reasonably considered a
dry adiabatic process and so we set @ = 0 in (2.6f) for the atmospheric wave motions being considered
in this paper. As mentioned above, the compatibility condition (2.6f) then ensures that the prescribed
atmospheric flow is consistent with both the first and second law of thermodynamics.
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3. Exact Solution

The general form of the exact and explicit solution of the governing equations (2.6) being considered is
of the form

—kb

- sin[k(a — ct)]

y=d+ D(a,b)t (3.1)

e—kb

k

The parameters ¢ and k = 27/X > 0 denote the non-dimensionalised wave speed, and wavenumber,
respectively (where A = X' /L' is the non-dimensional wavelength). The velocity field determined by the
solution (3.1) is obtained simply by taking the time derivative of the position variables in the Lagrangian

x:Z/{t—i—a—e

z2=Zo+Wt—-b+

coslk(a — ct)].

formulation. Introducing £ = k(a — ct), and letting (-) denote differentiation with respect to time, gives
u=4=U+ce ¥ cos&
v=19=D(a,b) (3.2)
w= %= W+ce *sin¢.

The constants U, W correspond to mean horizontal and vertical atmospheric currents (atmospheric gravity
waves may propagate both vertically and horizontally on account of air compressibility and stratification).
The function D(a, b) represents an atmospheric current which flows in the horizontal direction transverse
to wave propagation, and which is prescribed in terms of the Lagrangian labelling variables (a, b) (see [2])
variables. Incorporating this transverse atmospheric current term in (3.1) further increases the potential
of this exact solution to model physically interesting atmospheric flows, bearing in mind that, over
sufficiently long length scales, all atmospheric gravity waves exhibit variations in a transverse direction.
Indeed, even for relatively short mountain waves which arise when stable air flow passes over a mountain
peak in a direction which is primarily perpendicular to the orientation of the mountain range, interesting
variations of these waves in the transverse direction can often be observed. For instance, “atmospheric
ship waves” (see the discussion in [34]) are waves formed in the lee of a mountain which exhibit transverse
motion variations akin to the wake of a ship on the surface of water. Nice images of atmospheric ship
waves are given in [21] for waves in the lee of the Beerenberg volcano on Jan Mayen island in the north
Atlantic, and in [34] for waves along the Aleutian Island chain. Note also that mean background winds are
typical in locations where mountain waves predominate, such as the Andes, the Alps, and the mountain
ranges of Scandinavia, New Zealand and Antarctica, see [6,14].

The form of the exact solution in (3.1) permits Lagrangian labelling variables (a,d) € R? without
restriction from a mathematical perspective however, as discussed in Sect. 4, physical considerations will
limit these variables depending on the atmospheric model being considered. The variable b is taken
to be strictly positive to ensure that particle paths are non-self-intersecting in the (z, z)-plane and, for
atmospheric wave solutions, limited in range: 0 < by < b < by. This range demarcates the vertical extent of
the laminar flow region, outside of which turbulence is typically encountered, both beneath and aloft. Since
zp < 0, the vertical coordinate z in (3.1) decreases with increasing b, and so z(b1,-) < z(b,-) < z(bo,-).
Hence the exact solution (3.1) describes waves propagating through a laminar layer whose lower boundary
corresponds to b = by, and upper boundary b = by. It can be inferred directly from (3.1) that oscillations
of air parcels increase with ascending altitude, therefore wave motion is least noticeable along the lower
boundary, and is most pronounced along the upper boundary. The constant Zy in (3.1) can be freely
chosen as a fixed reference altitude, depending on the atmospheric flows being modelled.

For positive values of b, the oscillatory terms involving (a,b) in (3.1) prescribe trochoidal particle paths
in the (z, z)-plane which have relatively wide crests, and narrow troughs, as illustrated in Fig. 1. This
variance between the crest and trough regions is characteristic of strongly nonlinear waves, and contrasts
with the regular sinusoidal features intrinsic to linear wave theory. We note that, in the limiting case as
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F1G. 1. Particle paths for solution (3.1) viewed in the (z, z)-plane, and ignoring the horizontal and vertical background
currents: U, W = 0. Air parcel trajectories correspond to trochoids, which are paths traced by points fixed in the interior
of a disc, as the disc rolls without slipping along a horizontal line [3,13]. The upper wavy boundary corresponds to b = by,
while the lower less-wavy boundary corresponds to b = by, for 0 < bg < by

b | 0, the corresponding particle path is a cycloid which has a cusp at the wave trough, and it will be shown

in Sect. 4 that the vorticity of the atmospheric flows being considered becomes unbounded in this limiting

case. For negative values of b, the wave-like terms parameterised in terms of (a,b) Lagrangian variables

in (3.1) prescribe self-intersecting prolate cycloids [13] in the (z, z)-plane, which cannot correspond to

particle paths in atmospheric flows unless the flow is always three-dimensional (requiring D(a,b) # 0).
The Jacobian matrix of the coordinate transformation (3.1) is given by

1—e*cosé 0 e *bsing
) _
= D,(a,b)t 1  Dgy(a,b)t , (3.3)
—e"kbsing 0 —1—e *bcosé

whose determinant is
D=c?*_1<0. (3.4)
Since the determinant ® in (3.4) is independent of time, the mapping defined by (3.1) must be volume
preserving and hence
Uy + vy +w, = 0. (3.5)

This relation, coupled with the assumption that the density p is of the form p(a,d,b) = p(b), implies
that (2.6d) holds. To see this, first consider a density dependence on the (z,y, z,t) variables of the form
p=f(X,Y,Z) where X =x— (U+c)t = (E—e sin€)/k,Y =y—D(a,d)t =d,and Z = z— Zy— Wt =
(e*kb cos §) /k. Then p = f(X,Y, Z) corresponds to a dependence on Lagrangian labelling variables of
the form p = p(§,d, b), with

pa=IxXa+ fyYa+ fzZa= fv.
Hence fy =0 if p is independent of d. In this case p = p(¢,b) = f(X, Z), which leads to

_ ,—kb —kb in
pe = fxXe+ fz22¢ = leikcosng_ie ks gfz
) - f) ==L L DP (3.6)

ck ckdt ¢k Dt
Therefore, assuming that the density is of the form p = p(b), equations (3.5) and (3.6) imply that (2.6d)
holds. Bearing in mind z; < 0, we assume that the density is an increasing function of the labelling
variable b, of the form p = p(b) with p’(b) > 0. The inverse of the Jacobian matrix (3.3) can be calculated
to get

1+e kb cos & 0 e *sin¢
d(a,d,b 1 _
8(( )) = 1= ok tDl 1—e 2kb tDQ s (37)
Y,z ¢ —e Fbgin¢ 0 e Fcosé —1
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where we denote
D, = [Da(—l—e_kb cos&) + Dye *bsin 5] Dy = [Db(l — e " cos &) — Dje "t sin f] .

It follows that the density decreases as a function of height, since

dp dpob , o1 —eFcose
L=t = <0, 3.8
0z dbOz p) 1—e2kb  — (3.8)
for b positive. Furthermore, we can explicitly compute
Ug Uy Uz Uq Ug Up Gz Ay G 1 —e kb sin & 0 kee™kb [cos§ — e‘kb]
Vg Uy Uy | = | Vo va b dy dyd. | == -D, 0 —Dy
Wy Wy W W Wq Wp by by b kce kb [Cosf + e‘kb] 0 kce*bsin &

The vorticity vector w =V x u = (wy — v;, U, — Wy, Uy — ) for the flow prescribed by (3.1) is given by
1
w = 5 (DQ, —2/€C€_2kb, —Dl) . (39)

It follows from (3.4) and (3.9) that the vorticity becomes unbounded as b | 0. The flow vorticity w is
three-dimensional if D(a,b) is non-constant. For D constant, the vorticity reduces to the one-dimensional
expression w = —2kce 2% /D.
The material acceleration of air parcels can be explicitly computed by taking the time derivative of
the Lagrangian formulation of the velocity field (3.2), leading to
Du Dv Dw &

Z — ke siné, — =0, — = —kc?e™

b
i Di Di cos . (3.10)

Thence the Euler equations (2.6a)—(2.6¢) can be expressed as

P, = —p(b)e *sin¢ (ke +2Qc) — p(b)2QW, P, =0,

P. = p(b)e " cos € (ke® + 2Qc) + p(b)2QU — gp(b). (3.11)
Computing (P, Py Py) = (Py P, P.) - $242 from (3.3) and (3.11) gives
P, = —p(b)e *sin¢ (k02 + 2Qc + 20U — g) + 2QWp(b) [e_kb cos¢ — 1], (3.12)
P;=0, (3.13)
Py = —p(b)e " (kc® +2Qc) — p(b)e ™ cos & (kc? + 29 + 20U — g)
— p(0)22We 0 sin & — p(b)29U + gp(b) (3.14)

In order for (3.1) to be a valid solution of (2.6), it is necessary that mixed derivatives of the pressure
match. From (3.12) and (3.14), respectively, we compute
Pup = [kp(b)e ™ — p/ (b)e ] sin & (kc® + 2Qc + 20U — g)
— 0 (b)20W + 20W [/ (b) — kp(b)] e " cos €. (3.15)
Py = —p(b)2QWke * cos € 4 kp(b)e " sin ¢ (ke 4+ 2Qc + 20U — g) . (3.16)
Assuming non-constant density (p’ # 0), the expressions (3.15) and (3.16) can match only if either W = 0,

or ) = 0. The resulting solutions represent two fundamentally different atmospheric gravity wave flows,
which we now address separately.
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4. Nonlinear Atmospheric Gravity Wave Solutions
4.1. Atmospheric Billows in the Equatorial f-Plane (Q2 7% 0, W = 0)

If we retain the Coriolis effects of Earth’s rotation in the nonlinear governing equations (2.6) (taking
Q # 0) then equality holds between the mixed partial derivatives (3.15) and (3.16) only if

ke +2Qc+20U —g=0, and W =0. (4.1)

The condition W = 0 implies that the atmospheric flow has no mean vertical velocity component, and
hence it is not possible to model upward propagating mountain waves in the Equatorial f-plane approx-
imation. Instead, the exact solution (3.1) which satisfies the relations in (4.1) prescribes an atmospheric
flow which is characteristic of trapped lee waves, whereby air parcels propagate horizontally while oscil-
lating vertically about a fixed mean altitude.

Trapped lee waves are mountain waves which are trapped in a stable layer in the lower troposphere at
altitudes close to the mountain peak. These gravity waves entrain atmospheric motion which corresponds
qualitatively to the particle paths illustrated in Fig. 1, whereby wave motion is almost imperceptible in
the lower part of the laminar layer which lies beneath the mountain peak. Closer to ground level in the
planetary boundary layer the regular wave pattern is distorted by frictional effects, and we do not seek to
model this region of atmospheric flow. Trapped lee winds can generate lenticular clouds on the leeward
side of the mountain, while a cap cloud may be generated directly over the mountain peak [6,21].

Denoting g = g — 2QU, then (4.1) implies that P, = 0 and equation (3.14) can be integrated to give
the pressure distribution

b = ~

P(b) = Py + / p(b) (1 - e—%b) db,
by

where Py = P(by) is a reference value for the pressure at the lower boundary of the laminar layer given

by b = b;. It follows from the third equation in (3.11) that

P, = —gp(b) (1 — e " cos 5) <0,

which, combined with (3.8), establishes that both the pressure and density decrease with altitude. The
decrease of air density with height increases the amplitude of oscillations aloft, as illustrated in Fig. 1.

Regarding the atmospheric temperature distribution 7  corresponding to the atmospheric motion
prescribed by the exact solution (3.1) which satisfies the dispersion relation in (4.1), note that the equation
of state (2.6e) implies that 7 = 7 (b), since p = p(b) and P = P(b). Therefore the temperature of an air
parcel does not change during its motion, and so the first law of thermodynamics (2.6f) must hold.

The first equality in (4.1) corresponds to a dispersion relation expressed in terms of non-
dimensionalised physical parameters, giving

£ /EG 12— Q
c=k9+. (4.2)

These solutions correspond to two possible non-dimensional wave speeds, one corresponding to right-
moving, and the other to left-moving, atmospheric waves (with the latter having a slightly larger mag-
nitude due to the presence of the non-dimensionalised rotational speed Q = 7.3 x 10~®rad). In the
Equatorial region where the trade winds (or easterlies) prevail, we may take the negative value ¢ < 0 and
restrict the Lagrangian labelling a-variable to the range a € (—o0, 0], with the wave taken to originate at
the mountain peak located at a = 0. Note that the Lagrangian labelling variable d will also be restricted
in range, d € [—dp, dy] for some dy, since the f-plane approximation in the Euler equations (2.6a)—(2.6¢)
is applicable to Equatorial regions with limited latitudinal variation.

For atmospheric gravity waves whose wavelengths are of the order of 2 km (a length-scale characteristic
of mountain waves which was assumed in the non-dimensionalisation procedure leading to the governing
equations (2.6)) the § term will be several orders of magnitude larger than those involving €2, in which

) Birkhauser



JMFM Exact Solutions Modelling Nonlinear Atmospheric Gravity Waves Page 9 of 11 6

case ¢ & £4/g/k. Reversing the non-dimensionalisation process invoked in Sect. 2 results in a dispersion
relation for dimensional variables of the exact same form as (4.1) and (4.2) above, if we replace all
parameters by their dimensional (‘primed’) versions, and with ¢ and U given by ¢ = U'c and U’ = U'U,
respectively.

4.2. Upward Propagating Mountain Waves in Non-rotating Coordinates (2 = 0, VW # 0)

In order to model vertically propagating atmospheric waves (for which W # 0) the effects of the Earth’s
rotation must be neglected by setting Q2 = 0 in the governing equations (2.6), and in the subsequent
considerations of Sects.2 and 3. The resulting simplification in the governing equations (2.6) leads to
a greater flexibility for the exact solution (3.1) to model nonlinear atmospheric gravity waves, since all
prior considerations are now applicable at arbitrary latitudes (being no longer restricted to the Equatorial
region), and the coordinate system may be oriented with full horizontal generality (with the - and y-axes
being no longer restricted to pointing in the zonal and meridional directions, respectively). Note that, in
this setting, solution (3.1) generalises an exact solution for upward propagating mountain waves recently
derived in [6] through incorporating transverse currents by way of the D(a,b) term.
For = 0, mixed pressure derivatives (3.15) and (3.16) reduce to

Pup = (ke — g) [kp(b)e ™ — p'(b)e "] sin, (4.3)
Py = kp(b) (kc¢* — g) e *sing. (4.4)

Assuming non-constant density (p’ # 0), relation (4.3) and (4.4) match only when the non-dimensional
dispersion relation ¢? = g/k holds, which can be solved to get the non-dimensional wavespeed

c==++\g/k. (4.5)

Parameterising the leeward direction by a € [0, 00), with the mountain peak located at a = 0, we choose
the positive value ¢ > 0 in (4.5) above. Note that the dimensional form of the dispersion relation, and
associated wavespeed, takes the same form as those above if we replace g,k by ¢, k’, respectively, and ¢
by the dimensionalised wavespeed ¢’ = U’c.

Relation (4.5) implies that P, = 0, and the corresponding pressure distribution then takes the form

b = ~

P(b) =Py + g/ p(b) (1 - e*%b) db,
by

where Py = P(b1) is a reference value for the pressure at b = by at the lower boundary of the laminar

layer. It follows from the third equation in (3.11) that

P, = gp(b) (e_kb cos{ — 1) 0.

This relation, together with (3.8), shows that both the pressure and density decrease with altitude,
as required, since upward propagating mountain waves occur when the air temperature and density
decrease above the mountain peak. In this setting—and when there is no thermal inversion layer, or
unstable layer with high-speed winds, aloft—there is a noticeable escalation in wave amplitude with
increasing altitude, with waves propagating upwards into the lower stratosphere (unless they steepen and
break before reaching the tropopause). These qualitative features of motion are captured by the exact
solution (3.1) (as illustrated in Fig. 1, except now tilted upwards to allow for YW > 0 in these anabatic
waves) whereby the associated oscillations of air particles increase with ascending altitude: wave motion
is most pronounced along the upper boundary, and least noticeable along the lower boundary. Breaking
waves aloft generate strong vertical currents (in excess of 30m s=!) and clear air turbulence and vortices
(which are a significant hazard to aviation) may also develop. This singular behaviour is captured to some
extent by the exact solution (3.1) in the sense that, as by — 0, the wave amplitude at the upper layer
is maximised and the vorticity (3.9) becomes unbounded, which is indicative of the presence of strong
vortices aloft.
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Regarding the atmospheric temperature distribution 7 corresponding to the atmospheric motion
prescribed by the exact solution (3.1) which satisfies the dispersion relation (4.5), note that the equation
of state (2.6e) implies that 7 = 7 (b), since p = p(b) and P = P(b). Therefore the temperature of an air
parcel does not change during its motion, and so the first law of thermodynamics (2.6f) must hold.

4.2.1. On Downward Propagating Lee Waves. We remark that it would be natural to try to adapt the
exact solution (3.1) to model waves propagating downwards on the lee side of a mountain and, as a
first step in this direction, we note that one can freely choose W < 0 in the exact solution (3.1) in
order to model a downdraft. However, a defining characteristic of katabatic waves is the existence of
rotors (overturning eddies) indicating low-level turbulence beneath the laminar layer, and in order for
(3.1) to model such a phenomenon one would expect the most pronounced wave motion to occur at the
lower boundary of the laminar layer (rather than at the top) with the velocity field tending towards
an unbounded vorticity (thus indicating wave-breaking, and strong vortices) at the lower boundary of
the laminar layer. This reversal in the direction of wave amplification, with amplitudes increasing as
one descends from the top layer to the bottom, can be achieved in (3.1) if one reverses the polarity of
the first b term appearing in the description of the z-variable, defining the vertical variable instead by
2= Zy+Wt+b+ (e * cos¢)/k. However, unfortunately this attempt to capture downward propagating
mountain waves breaks down irretrievably at the dispersion relation stage, which now reads ¢ = —g/k.
This dispersion relation cannot define any real-valued speed for atmospheric gravity waves.

Funding Open access funding provided by Austrian Science Fund (FWF).
Declarations

Conflict of interest The author states that there is no conflict of interest.

Open Access. This article is licensed under a Creative Commons Attribution 4.0 International License, which permits use,
sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The
images or other third party material in this article are included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in the article’s Creative Commons licence and your
intended use is not permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission
directly from the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

Publisher’s Note Springer Nature remains neutral with regard to jurisdictional claims in published maps
and institutional affiliations.

References

(1] Atkins, P.: The Laws of Thermodynamics: A Very Short Introduction. Oxford University Press, Oxford (2010)
(2] Bennett, A.: Lagrangian Fluid Dynamics. Cambridge University Press, Cambridge (2007)
[3] Constantin, A.: Nonlinear Water Waves with Applications to Wave-Current Interactions and Tsunamis, CBMS-NSF
Conference Series in Applied Mathematics, vol. 81. STAM, Philadelphia (2011)
[4] Constantin, A.: An exact solution for equatorially trapped waves. J. Geophys. Res. Oceans 117, C05029 (2012)
[5] Constantin, A.: On Saturn’s six-sided polar jet stream. Geophys. Astrophys. Fluid Dyn. 117, 279-291 (2023)
[6] Constantin, A.: Exact nonlinear mountain waves propagating upwards. J. Phys. A 56, 245702 (2023)
[7] Constantin, A., Johnson, R.S.: On the modelling of large-scale atmospheric flow. J. Differ. Equ. 285, 751-798 (2021)
[8] Constantin, A., Johnson, R.S.: On the propagation of waves in the atmosphere. Proc. R. Soc. A 477, 20200424 (2021)
[9] Constantin, A., Johnson, R.S.: On the propagation of nonlinear waves in the atmosphere. Proc. R. Soc. A 478, 20210895
(2022)
[10] Constantin, A., Monismith, S.G.: Gerstner waves in the presence of mean currents and rotation. J. Fluid Mech. 820,
511-528 (2017)
[11] Curry, J.A., Webster, P.J.: Thermodynamics of Atmospheres and Oceans. Academic, New York (1999)
[12] Durran, D.R.: Lee Waves and Mountain Waves. Atmospheric Processes Over Complex Terrain, Meteorological Mono-
graphs, vol. 23, pp. 59-83. American Meteorological Society, Boston (1990)

) Birkhauser


http://creativecommons.org/licenses/by/4.0/

JMFM Exact Solutions Modelling Nonlinear Atmospheric Gravity Waves Page 11 of 11 6

[13] Gray, A.: Modern Differential Geometry of Curves and Surfaces With Mathematica. Chapman & Hall/CRC, Boca
Raton (2006)

[14] Heale, C.J., Bossert, K., Vadas, S.L., Hoffmann, L., Dornbrack, A., Stober, G., Snively, J.B., Jacobi, C.: Secondary
gravity waves generated by breaking mountain waves over Europe. J. Geophys. Res. Atmos. 125, 1-18 (2020)

[15] Henry, D.: Internal equatorial water waves in the f-plane. J. Nonlinear Math. Phys. 22, 499-506 (2015)

[16] Henry, D.: Exact equatorial water waves in the f-plane. Nonlinear Anal. Real World Appl. 28, 284-289 (2016)

[17] Henry, D.: On three-dimensional Gerstner-like equatorial water waves. Philos. Trans. R. Soc. A 376, 20170088 (2018)

[18] Holton, J.R., Hakim, G.J.: An Introduction to Dynamic Meteorology. Academic, New York (2011)

[19] Ionescu-Kruse, D.: On the short-wavelength stabilities of some geophysical flows. Philos. Trans. R. Soc. A 376, 20170090
(2018)

[20] Ionescu-Kruse, D.: Exact viscous compressible flow describing the dynamics of the atmosphere. J. Math. Fluid Mech.
24, Paper No. 43 (2022)

[21] Marshall, J., Plumb, R.A.: Atmosphere, Ocean and Climate Dynamics: An Introductory Text. Academic Press, London
(2016)

[22] Martin, C.I.: On azimuthally propagating equatorial atmospheric waves. Monatsh. Math. 201, 1185-1195 (2023)

[23] Marynets, K.: Sturm-Liouville boundary value problem for a sea-breeze flow. J. Math. Fluid Mech. 25, Paper No. 6
(2023)

[24] Mollo-Christensen, E.: Gravitational and geostrophic billows: some exact solutions. J. Atmos. Sci. 35, 1395-1398 (1978)

[25] Scorer, R.S.: Theory of waves in the lee of mountains. Q. J. R. Meteorol. Soc. 75, 41-56 (1949)

[26] Shutts, G.: Observations and numerical model simulation of a partially trapped lee wave over the Welsh Mountains.
Mon. Weather Rev. 120, 2056-2066 (2018)

[27] Smith, R.B.: The influence of mountains on the atmosphere. Adv. Geophys. 21, 87-230 (1979)

[28] Smith, R.B.: 100 years of progress on mountain meteorology research, A Century of Progress in Atmospheric and
Related Sciences: Celebrating the American Meteorological Society Centennial, Meteorological Monographs, American
Meteorological Society, Boston, MA, pp 20.1-20.73 (2019)

[29] Smith, R.B., Woods, B.K., Jensen, J., Cooper, W.A., Doyle, J.D., Jiang, Q., Grubisi¢, V.: Mountain waves entering the
stratosphere. J. Atmos. Sci. 65, 2543-2562 (2008)

[30] Teixera, M.A.C.: The physics of orographic gravity wave drag. Front. Phys. 2, 1-24 (2014)

[31] Vallis, G.K.: Atmospheric and Oceanic Fluid Dynamics. Elsevier, Amsterdam (2006)

[32] Vosper, S.B.: Inversion effects on mountain lee waves. Q. J. R. Meteorol. Soc. 130, 1723-48 (2004)

[33] Wallace, J.M., Hobbs, P.V.: Atmospheric Science: An Introductory Survey. Cambridge University Press, Cambridge
(2017)

[34] Wurtele, M.G., Sharman, R.D., Datta, A.: Atmospheric lee waves. Annu. Rev. Fluid Mech. 28, 429-76 (1996)

David Henry

Faculty of Mathematics
University of Vienna
Oskar-Morgenstern-Platz 1
1090 Vienna

Austria

Present Address

David Henry

School of Mathematical Sciences
University College Cork
Western Road

Cork

Ireland

e-mail: d.henry@ucc.ie

(accepted: November 16, 2023; published online: December 20, 2023)

T Birkhauser



	Exact Solutions Modelling Nonlinear Atmospheric Gravity Waves
	Abstract
	1. Introduction
	2. Preliminaries
	3. Exact Solution
	4. Nonlinear Atmospheric Gravity Wave Solutions
	4.1. Atmospheric Billows in the Equatorial f-Plane (Ωneq0, mathcalW=0)
	4.2. Upward Propagating Mountain Waves in Non-rotating Coordinates (Ω=0, mathcalWneq0)
	4.2.1. On Downward Propagating Lee Waves


	References




