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Summary

The thesis reports on the development of a new quasi-elastic nonhydrostatic
model, cast in a terrain-following coordinate based on the full pressure field.
The equations used are the o coordinate analogue of the nonhydrostatic pres-
sure coordinate equations formulated by White (1989). The equations are fil-
tered of vertically propagating acoustic waves. However, since Lamb waves
are present, the equations may be termed quasi-elastic. In contrast to similar
quasi-elastic pressure-based models, the equations and the numerical solution
procedure presented here are formulated independent of the use of a reference
state thermodynamic profile. Thus, it is possible that the equations may be used
to simulate atmospheric motion at spatial scales larger than the meso-scale.

A novel split semi-Lagrangian procedure is formulated to solve the quasi-elastic
equations on a grid that is nonstaggered in both the horizontal and vertical. A
nonstaggered grid is appealing to use in semi-Lagrangian discretizations of the
atmospheric equations, since only one set of trajectories needs to be calculated
during each advection time step. However, it is well known that the nonstag-
gered grid has poor gravity wave dispersion properties. In this study, this prob-
lem is alleviated by using high-order centered spatial differencing, and by apply-
ing a spatial filter to remove two-grid-interval waves from the grid. It is shown
that large time steps (large Courant numbers) are allowed during the semi-
Lagrangian advection step. This makes the method computationally attractive
compared to explicit or split-explicit procedures that use an Eulerian approach
to treat the advection terms. For situations where the fast moving gravity waves
carry a non-negligible amount of the energy, the split semi-Lagrangian approach
may even be computationally more efficient than the widely used semi-implicit
semi-Lagrangian solution procedures. The thesis reports on a large set of bubble
convection tests performed with the new kernel. It is concluded that the new
model is worth developing further.
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Samevatting

Die proefskrif handel oor die ontwikkelling van ‘n nuwe kwasi-elastiese nie-
hidrostatiese model, in ‘n terrein-volgende koordinaat gebasseer op die volle
drukveld. Die vergelykings wat gebruik word is die o-koordinaat analoog van die
nie-hidrostatiese drukkoordinaat vergelykings geformuleer deur White (1989).
Die vergelykings is gefilter van vertikaal voortplantende klankgolwe. Lamb-
golwe is egter teenwoordig en daarom kan die vergelykings kwasi-elasties genoem
word. In kontras met soortgelyke kwasi-elastiese drukgebasseerde modelle, is die
vergelykings wat hier gebruik word onafhanklik van die gebruik van ‘n termodi-
namiese verwysingsprofiel. Dit is dus moontlik dat die vergelykings gebruik kan
word om atmosferiese sirkulasie op ruimtelike skale groter as die meso-skaal te
simuleer.

‘n Qorspronklike split semi-Lagrange prosedure is geformuleer om die kwasi-
elastiese vergelykings op te los op ‘n rooster wat in die horisontaal en ver-
tikaal nie-verspringend is. So ‘n rooster is aanloklik om te gebruik in die semi-
Lagrangian diskretisering van die atmosferiese vergelykings, aangesien dit nodig
is om net ‘n enkele stel trajekte te bereken gedurende elke adveksie tydstap. Dit
is egter welbekend dat die nie-verspringende rooster swak gravitasiegolf disper-
sie eienskappe het. In die studie word hierdie probleem hanteer deur hoe orde
differensiasie te gebruik en deur ‘n ruimtelike filter toe te pas wat twee-rooster-
interval golwe van die rooster verwyder. Dit word aangetoon dat groot tydstape
(groot Courant getalle) toegelaat word gedurende die semi-Lagrange adveksie
stap. Dit maak die metode berekeningsgewys aantreklik in vergelyking met
eksplisiete en split-eksplisiete prosedures wat ‘n Euler benadering gebruik vir
die adveksie terme. Vir situasies waar die vinnigbewegende gravitasie golwe ‘n
nie-weglaatbare hoeveelheid van die energie dra, kan die split semi-Lagrange
benadering selfs meer berekeningseffektief wees as die gewilde semi-implisiete
semi-Lagrange prosedures. ‘n Groot reeks borrel konveksie eksperimente is uit-
gevoer met die nuwe kern en dit blyk die moeite werd te wees om die nuwe
model verder te ontwikkel.
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The @ component of the wind for the cold bubble test after 900 s,
in the right-hand part of the integration domain, for 0 < o < 1:
(a) Ks = 7T5ms™2; (b) Ks = 50ms™2; (¢) Ks = 25ms~2; (d)
K, = 0ms~2. The Shaf)iro filter is applied with p = 4. The
contour interval is 2ms ™. . . . . .. ... Lo
The potential temperature deviation after 900 s for the cold
bubble test, in the right-hand part of the integration domain,
for 0 < o < 1: (a) Ks = T5ms % (b) Ks = 50ms™2; (c)
Ky = 25ms=2; (d) Ks = 0ms—2. The fourth order discretiza-
tion of spatial derivatives in the adjustment step equations and
the Shapiro filter with p = 4 were used. The contour interval is
1K, e
The @ component of the wind for the cold bubble test after 900 s,
in the right-hand part of the integration domain, for 0 < o < 1:
(a) Ks = 7T5ms™2; (b) Ks = 50ms™2; (¢) Ks = 25ms~2; (d)
K, = 0ms—2. The fourth order discretization of spatial deriva-
tives in the adjustment step equations and the Shapiro filter with
p = 4 were used. The contour interval is 2 msl. ...
The potential temperature deviation after 900 s for the cold bub-
ble test, in the right-hand part of the integration domain, for
0 < o < 1: (a) Dy scheme; (b) Dy scheme; (c) Do scheme; (d)
Dg scheme with fourth order differencing applied to the departure
point formula and the term A7 . The fourth order discretization
of spatial derivatives in the adjustment step equations and the
Shapiro filter with p = 4 are used. K, = 25m?s~'. The contour
interval is 1K. . . . . . . .. L L
The w component of the wind after 900 s for the cold bubble
test, in the right-hand part of the integration domain, for 0 <
o < 1: (a) Dg scheme; (b) Dy scheme; (c) Dg scheme (d) Dg
scheme with fourth order differencing applied to the departure
point formula and the term A . The fourth order discretization
of spatial derivatives in the adjustment step equations and the
Shapiro filter with p = 4 are used. K, = 25m?s~!. The contour
interval is 2ms™L. . ... ...
Marginally and poorly resolved flow in the cold bubble test. The
potential temperature deviation after 900 s in the right-hand part
of the integration domain, for 0 < o < 1: (a) Az ~ Az =
200 m with second order differencing; (b) Az = Ax = 200 m with
fourth order differencing; (¢) Az &~ Ax = 400 m with fourth order
differencing; (d) Az ~ 100m, Az = 500m with fourth order
differencing. The D3 scheme with second order discretization of
spatial derivatives was used in the advection step. The Shapiro
filter with p = 4 was used. K, = 50 m?s~!. The contour interval
s 1K, e
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Marginally and poorly resolved flow in the cold bubble test. The
w component of the wind after 900 s in the right-hand part of
the integration domain, for 0 < ¢ < 1: (a) Az =~ Az = 200m
with second order differencing; (b) Az = Az = 200 m with fourth
order differencing; (¢) Az ~ Az = 400 m with fourth order differ-
encing; (d) Az ~ 100 m, Az = 500 m with fourth order differenc-
ing. The D3 scheme with second order discretization of spatial
derivatives was used in the advection step. The Shapiro filter
with p = 4 was used. K, = 50m?2s~!. The contour interval is 2
IS . o e e e e e e e e e e e e
The potential temperature deviation after 900 s for the cold bub-
ble test, in the right-hand part of the integration domain, for
0 < o < 1: (a) SH simulation with At, = At, = 0.5s; (b)
SH simulation with Aty = At, = 1s; (¢) SH simulation with
Aty = At, = 1.5s; (d) FH simulation with At, = At, = 1s.
The Shapiro filter with p = 4 was used, with K, = 50m?s~ 1.
The contour interval is 1K. . . . . . . . ... ... ... .. ...
The potential temperature deviation after 900 s for the cold bub-
ble test, in the right-hand part of the integration domain, for
0 <o < 1: (a) SH simulation with Aty = 2s, At, = 0.5s and
K, = 50m?s~!; (b) SH simulation with At, = 35, At, = 0.55
and K, = 50m?s~!; (c) FH simulation with At, = 2s, At, =
0.55 and K, = 50m?s~'; (d) FH simulation with At, = 2s,
At, = 0.5s5 and K, = 25m?s~!. The Shapiro filter with p = 4
was used . The contour interval is 1IK. . . . . .. ... ... ...
Reference solution for the warm bubble test. Potential tempera-
ture perturbation for —8000m < 2 < 8000m and 0 < o < 1: (a)
after 360 s; (b) after 520 s; (c) after 720 s; (d) after 900 s. The
contourinterval is 1T K. . . . .. ... ... oL oo,
Reference solution for the warm bubble test. Vertical velocity w
for —8000m < z < 8000m and 0 < o < 1: (a) after 360 s; (b)
after 520 s; (c) after 720 s; (d) after 900 s. The contour interval
is2ms L. L.
Marginally and poorly resolved flow in the warm bubble test.
The potential temperature deviation after 900 s, for —8000m <
2 < 8000m and 0 < 0 < 1: (a) Az = Ax = 200m with K, =
300m2s~! and K7, = 50m2s71;(b) Az ~ Az = 200m with
K, = 600m?s~! and Krs = 100m2s™1; (¢) Az ~ Az = 400m
with K, = 1200m?s~! and K7, = 200m?s~1; (d) Az ~ 100m,
Az = 500m with K = 300m?s—! and Kp, = 50m2s~!. The
contourinterval is 1T K. . . . . . . . .. ... oo
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Marginally and poorly resolved flow in the warm bubble test.
The @ component of the wind after 900 s, for —8000m < x <
8000m and 0 < o < 1: (a) Az = Az = 200m with Ky =
300m2s~! and K7, = 50m2s71;(b) Az ~ Az = 200m with
K, = 600m?s~! and Kp, = 100m2s~; (¢) Az ~ Az = 400m
with K, = 1200m?s~! and K7, = 200m?s~!; (d) Az ~ 100m,
Az = 500m with K = 300m?s—! and Kp, = 50m2s~!. The
contour interval is 2ms™L. . . . . ... .. ... ...
The potential temperature deviation after 900 s for the warm
bubble test, for —8000m < x < 8000m and 0 < o < 1: (a)
Aty = At, = 1.5s; (b) Aty = 1.5, At, = 0.5s(c) Aty = 2.5,
At, = 0.5s; (d) Ats = 55, At, = 0.5s. The contour interval is
1K, . e e e
The vertical component of the velocity field «w after 900 s for the
warm bubble test, for —8000m < 2 < 8000m and 0 < o < 1: (a)
Aty = At, = 1.5s; (b) Aty = 1.5, At, = 0.5s(c) Aty = 2.5,
At, = 0.5s; (d) Ats = 55, At, = 0.55. The contour interval is

The three-dimensional cold bubble test. Vertical cross section of
the potential temperature perturbation at y = 0, for 0m < z <
12000m and 0.75 < o < 1: (a) after 360 s; (b) after 520 s; (c)
after 720 s; (d) after 900 s. The contour interval is 1 K. . . . . .
The three-dimensional cold bubble test. Horizontal cross section
of the potential temperature perturbation at o = 0, for : (a) after
360 s; (b) after 520 s; (c) after 720 s; (d) after 900 s. The full
horizontal domain —20000m < z < 20000m, —20000m < y <
20000 m is shown. The contour interval is 1 K. . . .. ... ...
The three-dimensional cold bubble test. Vertical cross section of
the vertical velocity @ field at y = 0, for 0 < o < 1: (a) after 360
s; (b) after 520 s; (c) after 720 s; (d) after 900 s. The contour
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in (d). .. ..
The warm bubble test in three spatial dimensions. Vertical cross
section of the potential temperature perturbation at y = 0, for
—8000m < x < 8000m and 0 < o < 1: (a) after 360 s; (b) after
520 s; (c) after 720 s; (d) after 900 s. The contour interval is 0.5
K. e
The warm bubble test in three spatial dimensions. Vertical cross
section of the vertical velocity W at y = 0, for —8000m < x <
8000m and 0 < o < 1: (a) after 360 s; (b) after 520 s; (c) after
720 s; (d) after 900 s. The contour interval is 2 msl. ...,
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