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ABSTRACT

The medium scale planetary wave regime, consisting largely of
zonal wavenumbers 5-7, frequently dominate the summer Southern
Hemisphere tropospheric circulation. We perform a diagnostic study
of this circulation as simulated by the Canadian Climate Centre
(CCC) general circulation model (GCM). The analysis of Hovmoller
diagrams, space-time and zonal wavenumber spectra shows that the
CCC GCM is able to simulate the observed medium scale wave regime.

The zonally averaged meridional eddy heat and momentum
transports and the associated baroclinic and barotropic energy
conversions are aiso examined. The distributions of the transports
on the vertical plane agree well with observations. When compared
to the observed summer 1979 distributions, some quantitative
differences remain: the vertical structure of the heat transport is
too baroclinic, while the momentum transport tends to be too weak.
The baroclinic and barotropic conversions all show a medium scale
wave signal. The time evolution of the Richardson number of the
mean flow suggests that the medium scale wave is due to a finite

amplitude baroclinic instability.
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RESUME

Les ondes planetaires d‘'échelle moyenne, essentiellement les
nombres d'onde 5-7, dominent frequemment la circulation
tropospherique estivale dans 1'hémisphére sud. Nous effectuons une
étude diagnostique de cette circulation telle que simulée par le
modéle de circulation générale (MCG) du Centre Climatique
Canadien(CCC). L'analyse de diagramme de Hovmoller, de spectres
spatio-temporelles ainsi que de spectres des nombres d'onde zonaux
démontre que le_MCG‘est capable de simuler le mode des ondes
d'échelle moyenne tel qu'observeé.

Le transport méfidional moyen, par bande de latitude, de
chaleur et de gquantité de mouvement ainsi que les transformations
baroclines et barotropes d'énergie éssociées, sont étudiées dans ce
mémoire. La distribution verticale de ces transports correspond
bien aux observations. Toutefois, quelques différences
quantitatives sont notées lorsque nous comparons nos rééultats aux
distributions observées durant 1'été 1979. La structure verticale
du transport de chaleur est trop barocline, tandis que le transport
de quantité de mouvement est trop faible. Les transformations
baroclines et barotropes démontrert téus un signal d'onde d'échelle
moyenne. L'évolution dans le temps du nombre de Richardson du flux
moyen suggére que les ondes d'échelle moyenne sont dues a des

instabilités baroclines d'amplitude finie.
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Chapter 1. Introduction

Medium scale planetary waves, consisting largely of zonal
wavenumbers 4-7, frequently dominate the summer Southern Hemisphere
tropospheric general circulation. This signal has been well
documented in the observational studies over the past decade.
Salby (1982) first noted wavenumber 5 patterns are dominant in the
temperature and geopotential fields during the summer months of
FGGE, with maximum eddy amplitudes near the tropospheric jet core.
The mode shows a regular eastward phase progression, with a period
of about 11 days. The eddy structure suggests the mode is due to
a baroclinic instability, with a sharp scale selection in both
space and time. The same signal is also evident in the Southern
Hemisphere total ozone, as observed by the Nimbus 7 Ozone Mapping
Spectrometer during the FGGE observing period (Schoeberl and
Krueger, 1983). Hamilton (1983), using a data set from the
Australian Bureau'of‘Meteorology, aléo noted a prominent wavenumber
5 peak in the 300 and 500 mb geopotential height fields in the
Southern Hemisphere summer. In a series of observational studies,
Randel and Stanford (1983, 1985a, 1985b, 1985c) identified a well
defined eddy life cyclé consisting of baroclinic growth to maturity
and barotropic decay. Vacillations in wave-zonal mean exchange,
with a time scale of 10-20 days, result from nonlinear baroclinic
instability.

Lambert (1986) examined the eddy kinetic energy (EKE) budget
of the summer Southern Hemisphere circulation during January 1979.
There is a prominent peak in the EKE at wavenumber 5, and the

dominant terms in the budget are the conversion of eddy available
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potential energy (EAPE) to EKE, and EKE to zonal kinetic energy
(ZKE). The energetics thus suggest the mode is indeed due to a
baroclinic instability. Chen et al. (1987; hereafter referred to
as €87) analyzed the same data set and showed that wavenumbers 4-6
account for half of the eddy momentum and heat transports. The
developing stage of the waves are characterized by baroclinic
processes and the decay stage by barotropic processes, again
suggestive of a baroclinic instability. The authors speculated
that Pacific sea surface temperatures might have an effect on the
wave development, as the vertical structure of the eddy heat
transport is modified wheh the wave passes over the ocean.
Although the existence of the medium scale waves in the summer
Southern Hemisphere circulation is well documented, there have not
been extensive modelling studies of this strong planetary wave
signal. Kalnay and M§ (1986) performed experiments with a general
circulation model to determine the origin of Southern Hemisphere
stationary Rossby waves. In their ‘"easterly deceleration"
experiment, where the initial 2zonal flow is decelerated by adding
a negative solid body rotation velocity of 5 m s at the equator,
a pentagonal stationary wave pattern is generated. They suggested
that this might be related to the observed wavenumber 5 mode of the
summer Southern Hemisphere. Lin and Chan (1989) used a 10-level
linear quasi-geostrophic B-plane model to examine the baroclinic
instability of the observed zonally and time averaged January 1979
zonal wind distribution. The fastest growing mode has a 2zonal
.wavelength corresponding to wavenumber 12 at 45°Ss. The mode

corresponding to zonal wavenumber 5 is also baroclinically unstable
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but with a smaller growth rate. Its latitude-height structure
bears qualitative resemblance to the observed wavenumber 5
circulation. The latitude of the maximum eddy amplitude near 50°S
is simulated, but the maximum is located near the surface instead
of aloft. Full spherical geometry and nonlinear effects are likely
to be important in the scale selection of the medium scale Qaves.

In this study, we diagnose the summer Southefn Hemisphere
planetary wave structure of the Canadian Climate Centre (CCC)
general circulation model (GCM). As we saw earlier, observaﬁional
studies suggest the wave is due to a finite amplitude baroclinic
instability. It is thus of great interest to determine to what
extent is the CCC GCM capable of simulating the wave regime. The
next Chapter gives a brief description of the GCM. Chapter 3
examines the eddy geopotential field, and the eddy kinetic and
available potential energies in the space-time domain. The eddy
heat and momentum transports, and energetics are investigated in
Chapter 4. The concluding remarks are presented in the final

chapter.
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Chapter 2. Canadian Climate Centre general circulation model

The CCC GCM is described in detail by Boer et al. (1984a). We
give here a brief description of its various features. The model
governing equations are the primitive equations of motion, which
explicitly resolve the major physical processes that prdduce
weather and climate. Sub-grid scale processés are parameterized
using stability dependent eddy diffusivities and bulk transfer
coefficients. A parameterization of the momentum.transport induced
by topographic gravity waves is included. The computation of
radiation includes both the annual and diurnal cygles. The model
variables lare reprééented in. the horizontal by a spectrél
formulation using spherical harmonics with twénty zonal wavenumbers
and a triangular truncation. Verticél derivatives are approximated
using fiﬁite differences. The vertical coordinate is o = p/p,,
where p and p, are the pressure and surface pressure respectively.
Twelve 0 levels at ¢ = Q, 0.010, 0.032, 0.080, 0.150, 0.235, 0.360,
0.550, 0.750, 0.880, 0.970, 1.00 are used. Other features of the
numeriés include the use of semi-implicit time stepping and a wéak
time filter. The topographic heights of the major land masses are
prescribed. Land and ice surface temperatures are calculated from
a surface eneréy balance. Sea surface temperatures are prescribed
using monthly climatolbgical means.

In a cdmpaniqn study, Boer ét.al. (1984b) showed the model
climatology is quite close to that of the atmosphere. Time mean
fields of zonal wind, temperature, mean meridional circulation,

specific humidity, eddy kinetic energy, mean sea level pressure,
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precipitation rate, 500 mb height field generally compare well with
observed values in-the_trobospheré.

Xu et al. (1990) analyzed the performance of 4 GCM's in the
Southern Hemisphere, one of which is the CCC model. The other.
models are those of National éenter for Atmospheric Research
(NCAR) , European Centre for Medium Range-Weather Forecasts (ECMWF),
and Geophysical Fluid Dynamics Laboratory (GFDL). The main focus
of their study was on the semiannual wave, and they did not address
the medium scale wave regime, which is the primary focus of this
work.

The data set used in this study consists of 10 years of model
simulation. Wé refer to the period covered by the model data set

as years 1-10.
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Chapter é.lﬂddy géopotential field and energies
3.1 Hovmoller diagrams and space-time spectra

The medium scale waves in the summer Southern Hemisphere have
maximum amplitude in the upper troposphere at mid-latitudes.
- Figure 3.1 shows an example of a flow consisting predominantly of
.zonal wavenumber m=5 in the 200 mb geopotential height field, as
simulated by the modél on day 27, year 3. For comparison, the
observed 300 mb height field on February 9, 1979 is aléo shown. We
~see a pentagonal feature dominating both flows at these particular
times. To further examine the.propagation properties of the wave,
we decompose the heiéht field (2z) intq time and zonal mean ([<z>]),

stationary eddy (z*), and transient eddy (z') components.
z = [<2>] + 2% + 2!

Time and zonal means are denoted by [ ] and < > respectively, while
superscripts * ahd ' thote departures from the respective time and
éonal_meéns. The stationary eddy (SE) and transient eddy (TE)
components together will be referred to as the eddy component.
Henceforth, we use m to denote the zonal wévenumber. In Figure
3.2, we show Hovmpller diagrams of the year 3 height field at 200
__mb; 43°S, of the eady component, the TE component, and the filtered
m=3-7 contribution to the TE component. We see from the eddy field
that there is a significant stationary component in the first hélf
vathe 90-day simulation; fhe latter coveré the December-Januafy-
Fébruary (DJF) period. €87 suggested that the change in the nature

of the propagation to a quasi-stationary wave might be related to



FETGHT 300 18 — ECHAr 1118
N Mo . ! 5081
i

S 728 1579 U0 GMT |

Figure 3.1: (2)  wavenurlLer 5 fiow ir the 200 mb height
§é§%dﬁ(un?2? or 120 m}), as simulated by tha CCC GCM on day 37,

3. is CTilz ZCMWF IZIN 200 mb analyses (m) on Februar
9, 1°73z.{l.:C ¢ Irem Bifrkein et al. 19%1.) (m) Y




.mw:Hm>m>Hummmcou mcommmuuoo w:oa@mn@mvmnm
- L-p=U sJIoqunusasem JO DBUT3TSTSUOD 3Juauoduwod dL pexo3TTI 2yl (9)
pue ‘quauodwoo FL auyzx (q) ‘usuocdwod Appe Te303 UL (e) ¢ Iealk
Jo (dra) Axenaqed-Aienuep-Ioquedeq potiad Aep-06 @yl JI0F S €y e
() pTo13 Appo 3ybrteoy qu 00z 2yl IO sueJIbeTp ISTTOWAOH :Z°€ mhﬂmﬂm

(2) (@) | (e)
apn3Thuo] epnytbuoT apn3ThuoT
”sma.wmﬁ.sm ‘P "PS-p21-081 1°09 "0 "B9-021-081- .

Keda



‘qu 00S 3e 3Ingq ‘gz g P14 sv :g°¢ ‘HObTI

(2) (a) (e)

apn3ThuUoT epn3Thuo] apn3THUOT
‘BB1I°B21 P9 D .smu‘smﬁwsmﬁ.@ ‘BB1°B21 "B B .so..smﬁ.ém:@ "p81°02T1 "09 "89- 2
P 4 T - B )
I
‘Be ‘82 ge
"BE "gE BE
By BY Py
O
o)}
vl
89S "BS "BS
89 89 09
‘8L N7 "Bl
88 g8 28
"B6 06




10

the onset of the Southern Hemisphere moﬁsoon. Both the TE and the
filtered TE compénents show clear eastward propagation of the
planetary wave with a period of about 10 days, in good agreement
with the observations. The amplitude of the filtered TE component
is over half of that of the total TE flow, thus showing the
importance of the medium scale wave regime. The presence of this
wave regime is also evident at the 500 mb level, but with reduced
amplitudes (Figure 3.3).

The space-time spectrum method and their applications were
reviewed by Hayashi(1982). In this study, the space-time spectra
were calculated by the direct Fourier transform method. The length
of the time record is 120 outputs; equivalent to 90 days out of
each year.

The propagatioh characteristics and latitudinal structure of
the Qave are shown by the DJF 1l0-year mean space-time height
spectra ([<z®>]) at 200 mb (Figure 3.4). In Figure 3.4(a,b), for
x-axis the unit is days on the bottom of both plots, and frequency
(day™’) at the top. For the y-axis, the unit is wavenumber for
Figure 3.4a, and latitude for Figure 3.4b. The zonal wavenumber-
period spectrum shows the presence of eastward moving waves of
zonal wavenumbers m=3-8. The latitudinal distribution.of these
waves shows a well defined maximum in the eddy amplitude near 45-
50°S with éastward propagation. The medium scale wave régime with
period of about 10 days merges into the longer period low frequency
variability modes. Evidence of the wave regime is present at 500

mb as well, but with a reduced amplitude (Figure 3.5).
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Figure 3.4: The mean space-time height variance spectra (m%)
at 43'S, 200 mb for DJF of years 1-10. The scale is
logarithmic, e.g. 2 denotes 100 m“. (a) The zonal wavenumber-
period spectrum; E and VW denote eastward and westward
propagaticn respectively. (b} The latitude-period spectrum
integrated over zcnal wavenumers m=3-8.
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Figure 3.5: As Figure 3.4, but at 500 mb.
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We next examine the zonal wavenumber height variance spectra
of thé SE ([<2">%]) and TE (<z'?>]) components. Figure 3.6 shows the
spectra at 200 mb and 43°s for the summer months of December,
January and February, for years 2-7. Theée two components form

part of the total height variance ([<2z®>]) examined earlier.
[<2®>] = [<2>]% + [<2">%] + [<z2'®>]

We see that in almost all cases, the amplitude of the TE component
exceeds.that of the SE's, with the zonal wavenumbers m=3-7 being
most prominent. The latter is sometimes present as a broad maximum
(e.qg., Decémber of year 3), or it can be a sharp maximum at a
specific wavenumber (e.g., wavenumber 4 in January of year 4). The
SE contribution to the variance is due .primarily to 2zonal
wavenumbers m=1 and m=3. This agrees with the result of Xu et al.
(1990), who showed that in the CCC GCM, these two wavenumbers
account for almost all the stationary variance at about 45°S. The
corresponding height spectra at 560_mb are shown in Figure 3.7.
The signal of the medium scale waves is weaker at this level, but
the wave regime is sfill discernible.
3.2 Eddy enérgies and interannual variability

Lambert (1986) evaluated the 2zonal wavenumber/latitude
distribution of the vertically averaged EKE, using the FGGE data
for the January 1979; there is a clear m=5 signal for this month.
However, different zonal wavenumbers can develop at other times.

Figures 3.8 (a) - (c) ( Lambert, private communication ) show the
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wavenumber/latitude EKE distribution obtained from NMC analyses for
3 different months: January 1979, February 1983, and March 1983.

There is in each case a clearly defined EKE maximum in the medium
scale wave regime: m=5, 6, 4 respectively for the 3 months. The
maxima are all located between 45°-50°S. For comparison, the model

EKE distribution for DJF of years 2-7 are shown in Figure 3.8(d)..
The distribution shows a well defined maximum in wavenumbers m=4-6

at latitude 45°S. The magnitude and latitude of the maximum

compare well with tﬁe observed values, with the model maximum

beinga bit weaker. The EKE distribution is almost entirely

accounted for by the TE component, i.e., the SE contribution is

small. The results for each of the 6 individual summers ére

summarized in Table 3.1. There is an interannual variation in the

dominant wavenumber within the range of medium scale waves. This

vacillation among different wavenumbers is also present in the

observations, as seen from Figures 3.8(a)-(c). The interannual

variability of the simulated EKE maxima and its latitude.are in

fairly good agreement with those of the observations.

| Lambert (1986) computed the zonal wavenumber distribution of

the horizontally and vertically averaged tropospheric EKE for

January 1979, and C87 also calculated the wavenumber distribution

for the eddy availab;e potential energy (EAPE). Figure 3.9 shows

the corresponding distributions for the years 2-7 model climatology

of EKE and EAPE; the observed values for the summer of 1979 are

also included. As noted already, most of the model EKE kinetic

energy is due to the transient eddies. The model EKE distribution
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year wavenumber EKE maximum latitude

2 5 13.1 46°s

3 _ 6 - 12.2 44°s

4 6 ‘ 13.6 . 46°s

5 - 5 10.6 44°s

6 6 13.7 43%s .

7 6 9.5 - 44’s
2=-7 5 : 11.3 47°s
Table 3.1: The dominant zonal wavenumber of the wavenumber-

latitude EKE spectrum of the CCC GCM, together with the magnitude
of the maximum (10 J m™%) and its latitude. Years "2-7" denotes

the 6-year model climatology.
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(a)

EKE (10%0/m?2)
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Figure 3.9: The zonal wavenymber distribution of EKE (a), and
EAPE (b) integrated from 5°S-85"S, 1000-150 mb, for DJF of
years 2-~7 (solid). The observed distributions for summer of
1979 (January 1979 for EKE from Lambert, 1986; DJF 1979 for
EAPE of C87) are shown as the dashed lines.
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shows more kinetic enérgy at the lower wavenumbers, and less at the
medium scale waves, when compared to fhe January 1979 values. The
EKE latitude-wavenumber distribution shows that lower
wavenumbers (1-3) have Qery strong energy ih high latitudes(>658).
_This may be one reéson explaining why the medium waves don't show
a peak in'Figure 3.9. However, the latter are only for one month,
ana may not be representative of the observed climatology, as a
result of interannual variability. The model EAPE distribution is
uniformly weaker than that observed for all zonal wavenumbers, and
the observed peak in the medium scale wave is not reproduced.

The total EKE and EAPE, summed over éonal,wavenumbers m=1-20,
are shown in Table 3.2, for years 2-7. The observed values for DJF
- 1979 from €87 and their standard deviations are also included. Both
the model energies are weaker than that observed for 1979, a result
which is anticipated from the zonal wavenumber distributions
discussed earlief. Also as noted already, the TE's account for -
most of the eddy energy in the model simulation.

In this section, we have examined the Southern Hemisphere
medium scale wave regime as simulated by the CCC GCM. The
propagation characteristics, latitudinal distribution and eddy
kinetic energy spectra are diagnosed and compared with reéults of
observational studies. The reasonable agreement shows that the
model is quite successful at reproducing this wave regime, although
the simulated regime tends to be weaker than that observed. 1In the
next section, we continue the diagnosis with an examination of the

eddy transports and energetics.
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year EKE EAPE

2 | 53.1 (49.4) 29.9 (29.8)
3 52.8 (47.9) 28.1 (27.9)
4 51.2 (47.1)" 27.7 (27.6)
5 49.8 (45.5) | 28.4 (28.3)
6 51.9 (46.7) | 29.2  (29.1)
7 | 50.2 '(44.3) | 28.5 (27.4)
2-7 " 51.5 (46.8) | 28.5 (28.4)

c87 ' 79.1 = 13.7 48.6 * 8.4

Table 3.2: The total EKE and EAPE for DJF of years 2-7, and
observed values from C87. The TE contributions to the total eddy
energies are shown in,brackets. The observed values from C87 also
include the standard deviations over the period DJF 1979. The unit

is 10 J m™@.
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IChapter 4. Eddy transports and energetics
4.1 ZOnally.averaged heat and momentum transport

We have noted that results of observational studies suggest
the medium scale waves are due to a finite amplitude baroclinie
instability, with a sharp scale selection mechanism in both space
. and time. Moreover, the wave energeties show the classic life
cycle of a baroclinic,moqe, characterized by baroclinic growth and
barotropic decay. In this section, we examine the model simulated
.eddy heat and momentum transporte, and the associated baroclinic
and barotropic energy conversions. The vacillation cycleée of the
mean zonal flow as measured-by the Richardson number, will also be
iﬁvestigated.

Figures 4.1(a) shows the latitude-pressure distribution of the
eddy meridional heat transport, from the study of €87 of the
observed eddy stetietics of DJF 1979. There is a double maxima
structure on the vertical plane, with the lower and upper
tropospheric maxima being of comparable magnitudes.' The filtered
component corresponding ro the medium scale waves (m=4-6;.not'
shown) also has thisrvertical etructure, with about a factor of two
decrease in-magnitudes. iin.and'chan (1989) examined the linear
baroclinic instability of the 2-dimensional latitude~height January
1979 zonal wind psing a qUasi—geostrophic B-plane model; The
latitude-height structure of the eddy heat rransport for the m=5
mode shows a maxiﬁum at 50°S, close to‘latirude of the observed
ma#imum. Howeﬁer, the vertical structure shows only a single
maximum located near the ground, unlike that of the observations as

shown in Figure 4.1(a). - This vertical structure problem of linear
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baroclinic waves has been attributed to the 1linearization
assumption (Gall, 1976; Frederiksen, 1981). The results of the CCC
GCM shows that this may indeed be the case. Figure 4.1(b) shows.
the eddy meridional heat transport as simulated by the GCM, for DJF
of years 2-7. There is now a double maximum in the vertical
structure, in agreement with the observations. However, the
magnitude of the upper tropospheric maximum is smaller than that
observed, while the maximum near the surface is stronger than that
of the observations. The latitudinal positions of the eddy maxima
ére also well simulated by the model.

C87 showed that the eddy transport of westerly momentum
converges at the 50°-60°S latitude band (Figure 4.2(a)), with the
zonal wavenumbers m=4-6 accouhting for about half of the total
transport. The model eddy momentum transport is shown in Figure
4.2(b). The total eddy transport is smaller than that observed by
almost a factor of two. Both the height and latitude of the
momentum convergence 2zone are reproduced well by the model
climatology. Again, we note that the observed results are for only
one summer season.

We next examine the interannual variability of the meridional
eddy heat and momentum transports of the model, for years 2-7 of
the model simulation. The latitude-height structure of the
transports of each individual year is quite similar to that of the
6-year climatology, the magnitudes do however vary. Table 4.1
shows the amplitudeé of the lower and upper tropospheric heat

transport maxima, and of the mid and high latitude maxima of the
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year [<VIT'>] [<u'v'>]

2 .~ -16.6, -9.3' K m s™! -40.2, 6.7 m? s
3 -16.4, -8.5 _ =-32.5, 10.9

4 ‘-16.7, -8.3 -36.6, 7.7

5 -16.0, -6.1 -15.3, 12.0

6 ?16.4, -7.9 | -32.3, 10.7

7 | , -16.6, -6.5" -23.8, 10.9
2-7 -16.4, =7.6 -29.0, 8.6
c87 -13, -11 -52, 15

Table 4.1: The amplitudes of the lower and upper'tropospheric
maxima of the meridional eddy heat transport ([<v'T'>]), and of the
mid and high latitude momentum transport ([<u'v'>]), for model
years 2-7 and observed values from C87. Negative values indicate

poleward transport.
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momentum transport from years 2-7. The values for the 6-year model
climatology and the-observational results of C87 are also shown.
The heat transport shows a larger lower tropospheric maximum than
the observations, while the upper tropospheric maximum is smaller,
for each of the 6 years. The summer 1979 observations thus show a
more barotropic vertical structure. There is little interannual
variability in the amplitudes of the simulated transport. In
contrast, the momentum transport shows considerable interannual
variability. The magnitude of t: poleward transport at mid-
latitude varies by almost a factor of 3, while the equatorward
transport at the high latitude ranges over a factor of almost 2.
However, the model transports are consistently weaker than the
observed values of summer 1979. We can thus conclude that the
vertical tilt of the geopotential surfaces is better simulated than
the horizontal tilt by the model.
4.2 Baroclinic and bardtropic eddy conversions

The eddy heat and momentum transports play a major role in the
baroclinic growth and barotropic decay of baroclinic planetary
waves. This life cycle is characterized by the energy conversions
ZAPE~EAPE-EKE-ZKE. The contributions of the TE's and SE's to these

conversions are evaluated in this section.

C(ZAPE, EAPE) = C(ZAPE, TEAPE) + C(ZAPE, SEAPE)
C(EAPE, EKE) = C(TEAPE, TEKE) + C(SEAPE, SEKE)

C(EKE, ZKE) = C(TEKE, ZKE) + C(SEKE, ZKE)
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The notation used is standard; expressions for all the conversion
terms are shown in the Appendix. The conversion C(ZAPE, EAPE)
déscribes thé release of ZAPE due to the eddy meridional heat
transport down thé gradient of mean temperature; this conversion
can in turn be partitioned into the TE and SE components associated
with the TE and SE heat flux respeétively. C(EAPE, EKE) is the
_ conversion to EKE associated with the sinking of éoider air and
rising of warmer air at different longitudes. It is made up of TE
and SE coﬁponents as well. C(ZAPE,EAPE) and C(EAPE,EKE) are the
baroclinic energy conversions, representing the conversion of ZAPE
to EKE. Finally; the barotropic decay term is the conversion of
EKE to ZKE, associated with the eddy meridional momentum transport
up the gradient of mean angular_&elocity. It can again be written
as the sum of TE and SE components.

We now examine the zonal wavenumber distributions of the
conversion terms computed for the model year 2-7 climatoiogy,,and
compare the results to the observed values in DJF 1979 given by
C87. Figure 4.3(a) shows C(ZAPE, EAPE) as a function of the zonal
wavenumber. The conversion is-almost totally accounted for by
TE's, i.e., the SE contribution is small. There is a prominent
peak near m=5 for the model climatology, as well as for the
individual yearé (not shown). The maximum amplitude of the
conversion for the model climatology near m=5 is aboﬁt a factor of
2 smaller than that observed in 1979 by C87.

The total eddy component of the conversion C(EAPE, EKE) as
well as that due to TE's are shown in Figure 4.3(b). The model

results show that the although the TE's remain the dominant
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Figure 4.3: The model eddy conversions (102 Wm?) integrated
from 10°-82°S, 1000-150 mb for years 2-7, as a function of the
zonal wavenumber (m). (a) C(ZAPE, EAPEL; (b) C(EAPE, EKE};
and (c) C(EKE, ZKE). The solid and dashed lines denote the
total eddy and TE contributions respectively, while the dots
are observed values for DJF 1979, from C87. The dashed line

is not shown in (a) as it is indistinguishable from the solid

line.
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component in the total eddy conversion, the SE's are ‘a150
important, espeéiélly at zonal wavenumbers m=1 and m=4. In
contrast, the observed values show a broad peak at smaller-zonal
scales corresponding to m=5-7.

The 2zonal wavenﬁmber spectra of the barotropic cohversion_
C(EKE, ZKE) due to TE's and SE's, and due to TE's only, afe shdwn
in Figure 4.3(c);  The SE contribution is smail, except at zonal
wavenumbers m=4. This is consistent with our earlier finding that
the stationary zonal variance is concentrated at m=1 and m=3. The
maximum eddy qonversion' at the medium scales present in the
observations of €87 is simulated, but with weaker amplitudes.
"However, we note that this conversion is the smallest of the three
conversions examined.

A comparison of the total eddy conversions, summed over zonal
wévenumbers, is shown in Table 4.2. The correspdndihg observed
‘values of C87 are also shown. It is clear that the model energy
conversions tend to be smaller than those obsefved during DJF 1979.
Nonetheless, there is reasqnable agreement for the two baroclinic
conﬁersions, C(ZAPE, EAPE) and C(EAPE, EKE). TE's account for
‘practically all of the baroclinic conversion C(ZAPE, EAPE), while
SE's become important for C(EAPE, EKE) and C(EKE,ZKE). There is
much more interannual variability in the two conversions, C(EAPE,
EKE) and C(EKE, ZKﬁ) than in the baroclinic conversion C(ZAPE,
EAPE); | | | | |

In a linear f-plane quasi—geostrophié baroclinic instability
analysis, Lin and Chan (1989) computed the Richardson number (Ri)

of the basic state using the zonally averaged January 1979
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yéar C(ZAPE, EAPE)l _C(EAPE, EKE) _C(EKE, ZKE)
2 189.2 (189.1) | 82.2.(60.7) | 54.6 (48.0)
3 178;1 (178.0) 120.7 (90.3) 35.8 (33.6)
4 179.2 (179.1) . 89.9 (64.5) 44.0 (36.8)
5 151.2 (151.1) ~ 70.8 (54.9) 25.2 (21.2)
6 167.1 (166.9) 108.8 (69.3) : 49.2 (38.8)
7 159.i (159.0) 99.4 (75.8} | 29.1 (25.7)
2-7 170.6 (170.5) 95.3 (69.2) 39.6 (34.0)
cs7. 204 90 - 122 %53 42 * 66

Table 4.2: Energy conversions for modei years 2-7, and observed
values from C87. The later include the st=ndard derivation over
the period DJF 1979. The TE contributions to the total eddy

conversion are shown in brackets. The unit is 102 w m™.
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potential temperature and zonal wind fields.

Ri = [-p7(1n [61),1/[U]

Here, o, p, [®], [U] are the density, pressure, zonally averaged
basic state potential temperature, and basic zonal wind
respectively. Subscripts denote partial differentiation. The
Richardson number is thus a measure of the baroclinicity of the
basic state, as it provides an estimate of the relative effects of
the static stability and the vertical wind shear. Lin and Chan
showed that there.is a minimum in Ri associated with the January
1979 zonally averaged tropospheric circulation. This is in term
corresponds to the growth of baroclinic waves on this basic state.
We now examine the Richardson number distribution as simulated by
the model.

The zonally averaged distributions of temperature, zonal wind,
and the corresponding Richardson number for years 2-7 are‘shoﬁn in
Figure 4.4. The model climatology shows .a temperature and zonal
wind field in thermal wind balance, -with the maximum latitudinal
temperature gradient.located at mid-latitudes, where the vertical
shear of the zonal wind is maximum. The Richardson nﬁmber field
shows two minima in the troposphere between 35° and 45°s. The
primary minimum of Ri=14.9 is reached in the upper troposphere;
this corresponds to where the medium scale waves attain the largest
amplitude. Examination of the individual years of the model

simulation shows that the minimum Ri does not exceed 20.
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C87 examihed the time series of eddy energies and eddy energy
conversions, and found that the medium scaie waves showed a cleaf
vacillation period of 2 weeks. .Baroclinic processes are important
in the maintenance of this vacillation. As the Richardson number
is a measure of the baroclinicity of the mean zonal flow, it is of
interest to examine the time variation of this parameter. Figure
4.5 shows the time series for the upper tropospheric Ri minima, for
DJF of model year 2. We see there is significant variation of Ri
over this period; there are 8 vacillation peaks in this 90-day
périod, giving a Qaciliation period of about 11 days. This agrees
with the results of C87. Examination of the time series for the
model EKE and baroclinic energy conversion C(ZAPE, EAPE) (not

shown) also reveal a similar vacillation period.
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Chapter 5. COhéluéions

We have examined the eddy statistics of the summer Southern
Hemisphefe tropospheric circulation as simulated by the Canadian
Climate Centre general circulation model. The study is motivated
by the presence of a strong zonal wavenumber m=5 signal in the
observed circulation, which is well documented in the literatufe.
In contrast, little modelling work has been done.. The major
conclusions of our study are discussed below.

1) An examination of vériouS'space-time power spectra, and zonal
wavenumber spectra shows that the CCC GCM is able to simulate the
observed medium scale planetary wave regime. The observed results
used for compariéon in this'study-is for the period DJF 1979, when
a prominent wévenhmber 5 signal dominatgs the circulation in the
Southern Hemisphere. |

| The model climatology shows a clear signal in the medium scale
waves with a period about 10 days, and peak amplitude at around
45°s, in good agreement with the observations. -The stationary
component is much weaker than the transient component. The zonql
wavenumber vacillation among the wavenumbers m=4-6 observed in
different months and years is also simulated as interannual
variability of the model.

Xu et al. (1990) compared the performance of 4 GCM's in the
Southern Hemisphere. The results showed that the CCC GéM'performed
_better than the other'moaels (NCAR, ECMWF, GFDL) in reproducing the
annual cycle of the zonaliy avefaged intensity and position of the
subpolar trough. 'In particular, the trough is too shallow and

displaced too far toward the mid-latitudes in the other models.
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However, they did not examine‘the medium scale planetary wave
regime. As evidencé of this wave regime has not been reported in
the literature using the other GCM's, it would be of great interest
to perform similar diagnostic'studies using_these models. 

2) The meridional 'eddy heat and momentum'transports aﬁd the
associated baroclinic and barotropic energy conversions are also
examined. The simulated zénaily_averaged distributiqns of the heat
"and momentum transports agree reasénably well with those of DJF
1979 reported in the literature. Quantitative differences remain;
the vertical structure of the meridional heat trapsport is too
baroclinic, while the momentum transport tends to be too weak.
Earlier studies with lineaf quasi-geostrophic models show that the
m=5 wavé is not the fastest growing mode, and its zonally averaged
eddy structure bears only qualitative resemblance to the observed
wave. The success of the GCM in simulating both the zonal scale
selection and the eddy structure suggests that the medium scale
wave is governed by nonlinear primitive equation dynamics.

The 2zonal wavenumber distributions of the baroclinic
conversions C(ZAPE, EAPE), and C(EAPE, EKE), and the barotropic
conversion C(EKE; ZKE), all show a medium scale wave signél, in
égreement with observations. The‘magnitudes of the convgrsions
tend to be sméller than those observed.

3) Observational studies suggest that the medium scale wave is a
finite amplitude baroclinic instability, with a 1life cycle
consisting of baroclinic growth and barotropic decay characteristic
of baroclinip waves. The Richardson number Ri is a measure of the

baroclinicity of the zonal flow. The time evolution of Ri over a
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- 90-day period shows that high values of Ri reveals a vacillation
time scale of 11 days, in good agreement with observed results. It
is thus likely that the Ri distribution of the zonal flow plays an

~important role in the life cycle of the medium scale wave.



39

Appendix

We give here the expressions used in the various energy

conversion terms. The notation and formulation are similar to that

of Peixéto and Oort (1974).

C(P, K)
dm
ax

dy

ZKE, EKE
TEKE, SEKE
P

P

" ZAPE, EAPE

TEAPE, SEAPE

average radius of the earth;
specific-heat_at costant pressure;
conversion rate of P into K;

méss element, equal to a’cos¢dirdedp/g:

acosgd) ;

ade;

acceleration resulting from gravity;
kinetic energy:;

zonal, eddy kinetic energy:;

trénsient, stationary eddy kinetic energy:;

pressure;

available potential energy:

- zonal, eddy available potential energY:-

transient, stationary eddy available
energy;

gas constant;

time;

temperature;

zonal wind component;

meridional wind component;

geopotential height;

potential
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¥ stability factor,
~(8/T) (R/C,p) (%) “1oT, [(B] -2 (T [@]) =25

r lapse rate -3T/dz;
T4 dry adiabatic lapse rate g/C.;
§ potential temperature T(1000/P)%°P;
k R/C,:
A geographic longitude;
¢ geogréphic latitude;
<A> time average of A, (t, + t;)/ %, Adt;
A' - departure from zonal average of A, A - <A>;

[A] zonal average of A, (2m) ! /%, Adx;

A departure from zonal average of A, A - [A]:;
A meridional average of A, /"™/?A cos¢de;
A deviation from meridional average of A, A - A.

The expression for the various forms of energy are defined as:

EAPE = TEAPE + SEAPE

C
TEAPE=—2 f v [{(T™)) dm

c
SEAPE=—2 f Y (D% dm
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EKE = TEKE + SEKE

TE'KE'=%f Ku)+{vH2] dm

SEKE=-;- f [{w*2 {v¥*2] dm

C(ZAPE,EAPE) = C(ZAPE, TEAPE) + C(ZAPE,SEAPE)

A 4

C(ZAPE, TEAPE) =-C, f ¥ [(v/T)] ; £

C(ZAPE, SEAPE) ='Cpf‘r' v XT*)] 2 ;(Eg] dm

C(EAPE, EKE) = C(TEAPE, TEKE) + C(SEAPE, SEKE)

o u'ez’ v'az’
CTEAPE, TEKE) = fg( i acoscbal.)] + & 1) dm

(a2 | (vz*
acos‘cpal.+ add 1) dm

C(SEAPE, SEKE) =—fg( [

C(EKE, ZKE) = C(TEKE, TEAPE) + C(ZAPE, SEAPE)

C(EKE, ZKE) = f v/u)] cosi-2 [<u); ggoscp) Y

+fwrm 2L g

-f 1 K £200 gy
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C(SEKE, ZKE) = f [)*w*] cosdl2! [(U)‘]a a/qc):oscb) Y

of 1) 2L am

~f 1o 1" £208 gy
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