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ABSTRACT

The meridional distribution of potential vorticity (PV) in the troposphere is examined in terms
of the Lagrangian transport by using an idealistic general circulation model. A zonally uniform
forcing and uniform boundary conditions are applied to the model to particularly examine the
PV structure in the mid-latitudes and the subtropics. Trajectories of air parcels released from
each grid point of the model and Lagrangian changes in PV are calculated for a period of
60 days. Values of PV of each parcel are changing along the Lagrangian motions due to the
diabatic effect, the frictional effect and the mixing effect which has smaller scales than those
resolvable in the model. Both diabatic and frictional effects are dominant in the lower layers,
and the mixing effect is larger in the other regions. It is found that the zonal mean PV changes
have different characteristics between the “Underworld” in which isentropes intersect the ground
and the “Middleworld” in which isentropes are above the ground and intersect the tropopause.
In the Underworld, the zonal mean PV changes are determined by the equatorial flow in the
lower layers. In particular, the PV changes are negative in the lower layers of the low- and the
mid-latitudes. (The sign of PV tendency is for the northern hemisphere. The southern hemi-
spheric tendency is opposite as in the followings.) This negative tendency is due to the diabatic
effect near the surface. In the Middleworld, there remain positive and negative tendency regions,
which are resulted from the isentropic mixing. In general, if a parcel moves poleward in the
mid-latitudes, the value of PV increases, whereas the value of PV decreases if a parcel moves
equatorward. The sign of the Lagrangian mean change in PV corresponds to whether the
Lagrangian mean motions cross the PV contours equatorward or poleward in the meridional
plane. In particular, the contour of no change in PV has a similar shape to that of meridional
distribution of PV in the mid-latitudes. This indicates that the directions of the Lagrangian
mean motions are very close to those of the isolines of PV at the points on this contour.

1. Introduction

The meridional distributions of potential tem-
perature and potential vorticity (hereafter, PV)
reflect many of the key roles in the dynamics of
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climate states of the atmosphere (Hoskins, 1991;
Sun and Lindzen, 1994). Since both potential
temperature and PV are conservative quantities
under adiabatic and frictionless conditions, PV
analysis on isentropic surfaces is an important
tool for predictions of extratropic synoptic scale
disturbances (Hoskins et al., 1985). However,
although these two quantities are conservative for
the time scale of synoptic eddies, i.c., a week or
so, their changes cannot be negligible for a longer
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time scale, say a month or several months, which
is the time scale of the meridional circulation.
Their changes together with the circulation of this
time scale determine the meridional distributions
of potential temperature and PV.

As for the potential temperature, the relation
between its meridional distribution, its tendency
and the meridional circulation is well understood.
The vertical structure of potential temperature is
close to the moist adiabat in the tropics due to
the latent heat release of moist convection (Satoh,
1994), whereas it is conditionally unstable in the
extratropics due to the baroclinic eddy statistics.
As a result, isentropic surfaces are horizontal in
the tropics and are inclined towards upper alti-
tudes as latitudes become higher. The tendency of
potential temperature, that is, the diabatic term,
is positive in the deep tropics due to the latent
heat release and in the boundary layers
equatorward from the mid-latitudes due to the
sensible heat flux from the surface. On the other
hand, it is negative almost all over the extratropic
troposphere due to the radiative cooling, except
for the middle layers in the mid-latitudes where
the latent heat release is associated with baroclinic
eddies (Peixoto and Oort, 1992).

The meridional circulation can be obtained
from the meridional distributions of potential tem-
perature and its tendency. Here, it is the
Lagrangian motion along each air parcel that is
directly related to the Lagrangian change in poten-
tial temperature of the air parcel. The meridional
circulation given by the zonal average of
Lagrangian motions of air parcels is referred to
the Lagrangian mean circulation (Andrews and
Mclntyre, 1978). The residual circulation, which
is relatively easily calculated, is different from the
Lagrangian mean circulation (Edmon et al., 1980;
Andrews et al., 1987). The residual circulation,
however, has a characteristic of the diabatic circu-
lation which is a circulation driven by diabatic
effects, and helps understandings of material trans-
ports in the meridional plane (Holton, 1992). It is
also suggested that the residual circulation has a
close resemblance to the zonal mean circulation
averaged in the isentropic coordinates (McIntosh
and McDougall, 1996; Karoly et al., 1997). One
of the differences of the two circulations is that
the isentropic mean circulation gives the
equatorward flow in the lower layers, whereas the
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residual circulation does not resolve it (Townsend
and Johnson, 1985; Johnson, 1989).

The streamlines of the residual circulation inter-
sect the isentropic contours only where the diab-
atic effect exists. For instance, in the extratropic
troposphere except for the lower layers of baro-
clinic zones, the streamlines of the residual circula-
tion intersect the isentropes downgradient, since
the diabatic terms are negative in this region. As
a result, the residual circulation has a single cellar
structure over the hemisphere like an extended
Hadley cell toward the polar region (Edmon et al.,
1980; Karoly et al., 1997). The Lagrangian mean
circulation in the troposphere is also well known
(Kida, 1983; Noda, 1988). There are similar struc-
tures between the Lagrangian mean circulation
and the residual circulation: the cross-isentropic
hemispheric scale circulation seen in the residual
circulation also appears in the Lagrangian mean
circulation. In the isentropic direction, however,
there is a distinctive difference between the two
circulations: the streamlines of the residual circula-
tion are directed toward upper altitudes as latit-
udes become higher, whereas the Lagrangian mean
circulation is convergent along the isentropic con-
tours in the mid-latitudes (Noda, 1988). The diver-
gent component does not exist in the residual
circulation, whereas it generally exists in the
Lagrangian mean circulation (Plumb, 1979;
Plumb and Mahlman, 1987).

As for PV, there are also well known character-
istics in the meridional distribution: a large differ-
ence between the troposphere and the stratosphere
and a monotonicity in the latitudinal direction.
The contours of PV are almost vertical in the low-
latitudes, and their intervals become wider in the
mid-latitudes of the troposphere as shown by Sun
and Lindzen (1994, Fig.2). Sun and Lindzen
(1994) have presented an extreme view that PV is
constant along isentropic surfaces in the extratrop-
ics and have tried to obtain the meridional distri-
butions of potential temperature and zonal
velocity.

In general, PV is not conservative if diabatic or
frictional process exists (Haynes and Mclntyre,
1987). In the free atmosphere above the surface
boundary layers, the diabatic process is the main
factor for the change in PV (Hoskins et al., 1985;
Edouard et al, 1997). However, in the region of
prevailing microstructure associated with develop-
ment of extratropical cyclones, PV is thought to
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be homogenised by stirring and mixing process
(Mclntyre and Palmer, 1984; Pierrechumbert and
Yang, 1993; Ambaum, 1997). A constant PV distri-
bution along isentropes assumed by Sun and
Lindzen (1994) should be ascribed to the mixing
process along the isentropic surfaces.

In the Lagrangian circulation of the tropo-
sphere, both isentropic mixing motions and cross-
isentropic flows exist (Kida, 1977; Noda, 1988). If
air parcels are traced for more than a week, PV
values of parcels will generally change due to the
isentropic mixing and the diabatic process: PV
will be homogenised by the isentropic mixing and
will change its value along cross-isentropic flows
if there is a vertical gradient in the tendency of
potential temperature (Hoskins et al, 1985;
Hoskins, 1991). It should be noted here that the
impermeability theorem (Haynes and Mclntyre,
1987, 1990), which states that there is no PV flux
across isentropic surfaces even if diabatic cross-
isentropic flow exists, does not give any constraint
on the PV distribution. For instance, in the case
of a steady circulation, the impermeability theorem
states that PV fluxes across the steady isentropic
surfaces are zero and is nothing but consistent
with the steady PV field.

It does not seem that any attempt has been
presented as to how PV changes if both isentropic
mixing and cross-isentropic flows exist. Although
the global PV budgets are analysed (Hoskins,
1991; Hoerling, 1992; Brunet et al., 1995; Edouard
et al., 1997), there is no idea what is the relation
between the meridional distribution of PV, its
tendency and the meridional circulation. To estab-
lish such a relation, we need to know how the
Lagrangian changes in PV is distributed in the
meridional plane. From the comparison between
the changes in PV and the meridional circulation
in the Lagrangian sense, one could conjecture
what are the important dynamical processes for
specification of the meridional distribution of PV.

In the present study, relation between the
Lagrangian changes in PV and the meridional
circulation is examined with particular emphasis
on the subtropics and the mid-latitudes, since the
Lagrangian mean circulation as well as the resid-
ual circulation has a distinctive structure in the
subtropics: the streamlines of the residual circula-
tion turn their directions from the downward
motion of the Hadley circulation to the upward
motion along the isentropic contours (Karoly
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et al,, 1997). The change in the directions in the
subtropics can also be seen in the Lagrangian
mean circulation (Noda, 1988). The circulation
system of this region is believed to be related to
the dynamics of the subtropical jet, the concentra-
tion of PV gradient and the abrupt change of
tropopause heights. For this purpose, in the pre-
sent study, we start from a simple framework by
using an idealistic general circulation model in
expectation of a clear meridional structure of PV
in the subtropics.

The structure of the paper is as follows. In
Section 2, an experimental design and a general
circulation model used in this study are described
with some statistic properties of the model results.
The calculation procedure for trajectories of air
parcels is also described. In Section 3, Lagrangian
changes in PV values are obtained with the traject-
ory calculation, and the meridional distribution
of PV change is compared with the Lagrangian
mean circulation. Finally, relation between the
meridional distribution of PV and the Lagrangian
mean circulation are discussed in Section 4. A
limitation of this study and further problems are
also pointed out.

2. Model and trajectory calculation

In the present study, we use an idealistic general
circulation model (GCM) in which a clear meridi-
onal structure of PV is produced in the subtropics.
The model atmosphere contains a zonally uniform
Hadley circulation in the low-latitudes and baro-
clinic unstable disturbances generated under a
zonally uniform forcing in the extratropics. Results
from the idealistic model help us in understanding
complicated and ambiguous structures which
might be seen in the real atmosphere. For example,
in the PV budget analysis by Hoskins (1991), the
characteristic dipole structure seen in the southern
hemisphere is not clearly shown in the northern
hemisphere. The zonally asymmetry of the circula-
tion in the northern hemisphere might have diluted
the dipole structure. Nevertheless, we should be
careful to interpret model results since artificial
assumptions might be introduced in the model
and the statistics of the model outputs are not
always relatable to the real atmosphere. This kind
of caveat will be presented in Section 4.

The present GCM is based on Numaguti (1993)
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but physical processes are simplified as in the
dynamical core experiment described in Held and
Suarez (1994). The model is governed by the
primitive equations with the o-coordinates in the
vertical: the resolution of the model is T42 with
48 levels, where g = p/p,, p is pressure and p; is
surface pressure. Locations of the vertical levels
are described in Section 6.

The model atmosphere is dry without hydrolo-
gic cycle. No sensible and latent heat fluxes are
allowed between the atmosphere and the surface.
Diabatic heating is given by a Newtonian type
radiation and an additional heating near the
equator:

T— Tl"ef
TR

Q = + QEQ7 (1)
where T,,; is a reference temperature of the
Newtonian radiation, 7y is a relaxation time, and
Ogrq is an additional heating which represents
latent heat flux near the equator. T,.; has a smooth
profile in the vertical direction, given by

Tref(¢5 Z) =Thin t [Trs((p) - Tmin]

X |:1 — tanh L} (2)
7:'s(ﬁb) - Tmin ’
Ti(¢) = T,o— AT, sin’ ¢, (3)

where ¢ is latitude, z is height, and T is the lapse
rate of the reference temperature just above the
surface. We use T,,=300K, AT, =40K, T,,=
200 K and a slightly stable stratification I' =
09K km~ ! T should be close to the neutral
value, since the temperature profile is greatly
dependent on the relaxation profile if a smaller T’
is given. The height z is calculated by the integra-
tion of the hydrostatic balance. As for the relaxa-
tion time 7y, the same dependency proposed by
Held and Suarez (1994) is used:

w® '(¢, 0)
TRa' 0 <o0p,
= 0O—0
Tra + (Trs' — Tra') 17; cos*d o>=o0p,
—UB

where 1z, =40 days, s =4 days, and o5 =0.8.
This shorter relaxation time represents the effect
of sensible heat flux from the surface boundary.
As pointed out by Held and Suarez (1994), if one
gives a constant value for 7y instead of the above
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formula, the stratification of the lower layers will
be very stable. This is because the Newtonian
radiation is not sufficient to heat up the cold
equatorward flows in the lower layers. To obtain
a realistic intensity of the Hadley circulation, an
additional heating is given near the equatorial
latitudes (Becker et al, 1997). This heating is given
by

2 Op— G
%wmh%n%—%%m@%tﬁ>(ﬁ
where o5=08, 07r=0.2, Ap=5° and Q,=
3K day !. Effects of the momentum exchange
between the surface and the atmosphere is repres-
ented by the Rayleigh friction following Held and
Suarez (1994):

Fa= =22, (6)
TF

where vy is horizontal winds and 7 is a relaxation
time. The relaxation coefficient (inverse of the
relaxation time) for the Rayleigh friction is zero
above the level o5 =0.8, and linearly increases
with ¢ below g5. The relaxation time just above
the surface is 7z = 1 day. In addition to the above
formula, the numerical diffusion is introduced as
a fourth power of Laplacian in vorticity, diver-
gence and temperature fields. The decaying time
for the most smallest horizontal scale is 1 day.
The initial field of temperature is the same as T,.¢
except for a small perturbation and no motion is
given initially. Integration is performed for
140 days. By the day 80 of the integration, the
tropospheric circulation of the model can be
regarded to be in a statistically equilibrium state.

Fig. 1 shows meridional distributions of the
potential temperature, PV and the stream function
of the residual circulation. Calculation method for
PV is described in Section 5. The residual circula-
tion is obtained according to Edmon et al. (1980).
These fields are given by an average between the
days 80 and 140. The overall structures of the
potential temperature and PV are realistic as
compared with those of the observational fields
(e.g., Fig. 2 of Sun and Lindzen, 1994): a distinct
PV difference between the troposphere and the
stratosphere, abrupt change in the height of the
PV-contours near the subtropic jets, and homog-
enised PV along isentropic surfaces in the mid-
latitudes. In the lower levels, particularly in the
high-latitudes, PV has relatively larger values
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latitude

Fig. 1. Meridional distributions of zonally averaged PV, potential temperature and the residual circulation for the
statistically equilibrium state of the model calculation. The solid lines show PV in the range from —2.0 PVU to
+2.0 PVU with contour interval 0.1 PVU. The dotted lines show potential temperature from 270 K to 400K with
contour interval 10 K. The gray scale shows the residual circulation. The thicker pattern means the larger values of
the stream functions with a gradation of every 1 x 10'® kg/s.

because of insufficient heating by the Newtonian
radiation (Held and Suarez, 1994). The other
characteristic in the PV field of Fig. 1 is a tongue
shape intruding the equatorial lower-PV zone in
the middle level of the troposphere (¢ & 0.5). This
region seems to be connected with of the tropo-
pause folding associated with the subtropic jets.
In addition to potential temperature and PV,
Fig. 1 also shows the residual circulation. In each
hemisphere, the residual circulation forms one
cellar structure which consists of a direct circula-
tion corresponding to the Hadley circulation in
the low-latitudes and of upward inclined stream-
lines in the mid-latitudes. Except for the deep
tropics and the boundary layers near the surface,
the streamlines of the residual circulation cross
the isentropes downgradient. In the real atmo-
sphere, the streamlines are upgradient in the
middle layers of the mid-latitudes (Edmon et al.,
1980; Karoly et al, 1997), so that the result shown
above has a somewhat different characteristic from
the reality. This is because the diabatic heating
due to latent heat release in the extratropics is not
included in the model. The lack of moist effect in
the extratropics may be justified if one reminds
that baroclinic instability is understood in a frame-
work of the dry atmosphere. To a first approxi-
mation for the argument of the global circulation,
effects of latent heat release in the extratropics
could be neglected. Therefore, we examine only
the dry experiments in the present study. Possible
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effects of latent heat release in the extratropics
will be considered in future studies.

According to Fig. 1, one finds some similarities
between the distribution of PV and the stream
function of the residual circulation particularly in
the mid-latitudes. This similarity gives us an
impression that PV is somehow conserved during
meridional transport. As described in Section 1,
however, the residual circulation is generally
different from the Lagrangian mean circulation,
which is given by a zonal average of Lagrangian
motions of air parcels. In this study, we will
calculate Lagrangian changes in PV associated
with Lagrangian motion of air parcels, in order
to investigate the relation between the meridional
distribution of PV and the Lagrangian
circulations.

The Lagrangian circulation is obtained by tra-
jectory calculations of air parcels which are ini-
tially arranged at each grid point of the model at
the day 80 of the GCM integration. The numbers
of the grid points are 128 in the longitude, 64 in
the latitude and 48 in the vertical direction; the
total number of air parcels is 393,216. Trajectories
of air parcels are calculated by using the 3-h
averaged velocity data generated every 3 h from
the GCM integration. These data are interpolated
with 30-min interval, and positions of the air
parcels are obtained by using fourth order Runge-
Kutta scheme with a time step of 30 min.
Trajectories are calculated for 60 days by using
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the velocity data from the day 80 to the day 140.
We also use different resolutions of the model.
The dependency on the resolution is described
in Section 6.

3. Results

3.1. An example of trajectories and Lagrangian
changes in PV

In the first, as an example of the trajectory
calculation, meridional and latitude—longitude dis-
tributions of air parcels are shown in Fig. 2.

-90 -60 -30 0 30 60 20
latitude

latitude
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Initially, these parcels are equally aligned longitud-
inally at the latitude 29.3° and the height o=
0.825. They consists of 128 parcels. Positions at
the days 0, 5, and 10 after the release of the parcels
are plotted in these figures. (Hereafter, calculation
days are counted from the day when the parcels
are released, that is, the day 80 after the GCM
integration started.) In addition to the parcel
positions, Fig.2 shows the meridional distribu-
tions of zonally averaged potential temperature
and PV (Fig. 2a b, c), and PV distribution on an
isentropic surface (Fig.2d,e,f). The value of
potential temperature of this surface agrees with
the averaged potential temperature possessed by

0 60 120 180 240 300 360
longitude

longitude

Fig. 2. Positions of the air parcels released from the latitude ¢ =29.3° and the height ¢ = 0.825 in the meridional
domain for (a) the day 0, (b) the day 5, and (c) the day 10 and in the longitude-latitude domain for (d) the day 0,
(e) the day 5, and (f) the day 10. The initial position is indicated by the cross in (a). The parcel positions are indicated
by small circles in the other figures. The points indicated by A, B, C and D correspond to the parcel shown by
Fig. 3. In (a), (b), and (c), the zonally averaged PV (solid lines) and potential temperature (dotted lines) are added.
The contour intervals are the same as in Fig. 1. In (d), (e), and (f), PV values on the isentropic surface that has the
averaged value of potential temperature are shown. The contour interval is 0.2 PVU.
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the parcels: 6 =291.5 K, initially. Note that each
parcel has a different value of potential temper-
ature initially, so that every parcel is not posi-
tioned on the same isentropic surface. Fig. 2 shows
that, while these parcels disperse along isentropic
surfaces, they gradually move to the regions of
lower values of potential temperature. The dispers-
ive region of the parcels almost corresponds to
the region of wider intervals of the PV contours
along the isentropic surfaces. Although almost
every parcel stays in the region between 0.2-0.4
PVU (PVU=10"°kg Km™*s™!), some parcels
go into the equatorial lower layers, and some
parcels come close to the tropopause transition
layers. The filamentary structure of the parcels
which is given initially barely remains until the
day 5 (Fig. 2e), After that, they are dispersed along
the isentropic surfaces.

Among the parcels shown in Fig. 2, we concen-
trate on the trajectories of the four parcels which
have an equal longitudinal interval at the initial
time. The 4 parcels are labelled with A, B, C, and
D in Fig. 2. The trajectories in the meridional
domain and in the horizontal domain are depicted
in Fig. 3. From this, we can see that A, B, and D
move poleward, whereas C moves equatorward
initially. As shown by Fig. 2f, B is caught up into
a vortex of high-PV region, which is located at
around longitude 60° initially (Fig. 2d), 120° at
the day 5 (Fig. 2e), and 160° at the day 10 (Fig. 2f).
As the vortex moves eastward, B moves north-
eastward, and cyclonically goes round the vortex.
This kind of cyclonic motion of the trajectory is
also seen in the later period of the trajectory of A
and in the middle period of the trajectory of D.

Values of physical quantities possessed by the
air parcels can be taken from the output data
from the GCM calculation. By interpolating the
grid data of potential temperature and PV at the
positions of the parcels, we obtain the values of
potential temperature and PV of each parcel.
Changes of potential temperature and PV thus
obtained corresponds to the respective Lagrangian
changes. These quantities should be conservative
under adiabatic and non-frictional conditions. In
the present situation, however, they are not con-
served since diabatic heating/cooling, friction and
numerical diffusion exist. Fig.4 shows time
sequences of potential temperature and PV for the
four parcels shown in Fig. 3. The thick lines in
Fig. 4 show the averaged values over all the 128
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parcels shown in Fig. 2 and the two dashed lines
in each figure show the averaged value plus and
minus the root mean square of the deviation from
the averaged value at respective time. Fig.4a
indicates that A, B, and D clearly have a decreasing
tendency of potential temperature, while C does
not have an appreciable tendency. The averaged
value of potential temperature is 291.5K at the
day 0, and slightly decreases to 291.3 K at the day
10. On the other hand, Fig. 4b indicates that the
averaged value of PV has an increasing tendency,
though the PV values of each parcel are very
variable. PV of B increases as the parcel B is
caught up in the high-PV vortex; its value becomes
larger than 0.4 PVU at the day 9. PV of D also
increases around the day 5; this increase corre-
sponds to the poleward movement of the parcel
around a cyclonic vortex.

3.2. Meridional distributions of Lagrangian mean
change

The same analysis as shown in Fig.4a,b is
applied to all the grid points on the meridional
plane. The zonal averaged Lagrangian changes in
potential temperature and PV for 10 days are
shown in Fig. 5a, b, respectively. In these figures,
values are shown at each meridional grid point of
the initial positions. Changes in potential temper-
ature in Fig. 5a represent diabatic effect. They are
basically cooled in the middle layers of the tropo-
sphere except for the equatorial heating zone and
and heating layers in the lower levels in the low-
and mid-latitudes. There are also large heating
and cooling regions in the stratosphere ¢ < 0.2,
but we do not pay any attention to the
stratosphere.

In Fig. 5b, changes in PV have a rather complic-
ated distribution. It can be thought that this
distribution is significant if there are correspond-
ing patterns in the other hemisphere with opposite
signs. Characteristic patterns are as follows. (In
the following, signs of PV or PV change are for
the northern hemisphere). In the equatorward
latitudes from 40°, PV is increasing except for the
region of the subtropic jets (around ¢ = 30° and
g =0.4) where PV is decreasing. In the poleward
latitudes from 40°, PV is decreasing except for the
polar lower layers where PV is increasing. In the
stratosphere, PV tendency is positive in the
equatorward latitudes from 30° whereas it is nega-
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Fig. 3. The parcel trajectories for 10 days in (a) the meridional domain and (b) the longitude-latitude domain. Four
parcels are released from the latitude ¢ = 29.3° and the height ¢ = 0.825. The initial longitudes are 0°, 90°, 180°, and
270° for the parcels A, B, C, and D, respectively. The positions of every 6 h are marked. As in Fig. 2a, b, the zonally
averaged PV and potential temperature at the day O are added in (a), and the PV distribution on the isentropic

surface at the day 0 is added in (b).

tive in the poleward latitudes. There is a quadru-
pole patten in the middle layers of the equatorial
region.

To see what effects determine the PV changes
shown in Fig. 5b, we calculate source terms of PV.
In the framework of the hydrostatic approxi-
mation, the PV tendency equation is given as
follows (Hoskins, 1991):
dp o0Q/T 00
EzP%—ggk-VHxFH, (7)
where P is PV, 6 is potential temperature, Q is
diabatic heating, F; is horizontal components of
frictional forcing, and &+ Vi; x is the vertical com-
ponent of the rotation operator. The first term on
the right hand side is PV change due to diabatic

effect, and the second term is PV change due to
frictional effect. In the case that the small scale
diffusion in the free atmosphere is negligible, Q
and F; are given by the diabatic heating eq. (1),
and the Rayleigh friction eq. (6), respectively. The
distribution of Q is similar to Fig. 5a: Q is positive
in the equatorial region and the boundary layers
and it is negative in the middle layers of the
troposphere. The first term on the right hand side
of eq.(7) is approximately proportional to the
vertical gradient of heating rate multiplied by the
Coriolis parameter f. In general, therefore, this
term is negative in the lower troposphere and
positive in the upper troposphere. Fig. 6a shows
the zonally averaged distribution of 10 days integ-
ral of this diabatic term along each trajectory. The
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Fig. 4. Time sequences of the Lagrangian changes in (a) potential temperature and (b) PV for the four parcels shown
in Fig. 3. The thick solid lines show the averaged values and the dashed lines show the averaged value plus and
minus the root mean square (RMS) of the deviation from the averaged values. The 4 marked time sequences are

those of the labelled parcels in Fig. 2 and in Fig. 3.

contribution of the diabatic term is larger as in
the lower levels; the tendency is negative in the
northern hemisphere. Note that there is a quadru-
pole structure near the equator as seen in Fig. 5b.
On the other hand, F; given by eq. (6) is non-zero
only below the levels o =0.8. The 2nd term on
the right-hand side of eq. (7) is mainly determined
by the zonal winds component near the surface;
for instance, it has a positive tendency in the
region where the surface westerlies increase in the
poleward direction. (In the zonal average, this term
is positive near the latitude 30° which is the bound-
ary of the Hadley and the Ferrel cells. It is also
positive in the polar regions, if there is westerly in
the polar surface.) The 10 days integral of this
frictional term along each trajectory is shown in
Fig. 6b. This shows that it has a positive tendency
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in the most regions in the lower troposphere from
the latitude 30° to the pole. Regions of negative
tendency can be seen in the lowest levels of the
Hadley cells and the latitude around 60°.

All the change in PV shown in Fig. 5b cannot
be attributable to the diabatic effect or the fric-
tional effect shown in Fig. 6a, b, respectively. As
described in Section 2, a horizontal diffusion on
the o surfaces is introduced to the numerical
model in the vorticity, divergence and temperature
fields. It might be thought that this effect corre-
sponds to the effect of the stirring and mixing by
the smaller scale flows which are not resolved in
the model. The horizontal diffusion, however, is
originally introduced by the requirement of
numerical stability, and does not mean a physical
parameterisation of the small scale turbulence of
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Fig. 5. Meridional distributions of the Lagrangian mean changes in (a) potential temperature and (b) PV during
10 days. The contour interval is 1 K (10 days) ! for (a) and 0.02 PVU (10 days) ! for (b). The dotted line is zero
and the gray scale means negative values. As for (b), only the contours in the range from —0.2 PVU (10 days) ™! to

+0.2 PVU (10 days) ! are shown.

the real flows. For instance, a problem might occur
in such a region where isentropic surfaces have a
large inclination against ¢ surfaces, since the
diffusion of temperature along o surfaces may
bring about an artificial diabatic heating or cool-
ing. This will happen near the subtopic jets, for
instance. Further more, numerical discretisation
will introduce the following effects. First, the
model used in this study is governed by the
primitive equations in which vorticity, divergence
and temperature are prognostic variables. This
implies that the numerical scheme does not guar-
antee conservation of PV along air parcels in each
time step. Second, calculation of PV also intro-
duces a truncation error which comes from the
vertical derivative of potential temperature (see

Section 5). Therefore, it is possible that PV is not
conserved along Lagrangian trajectories even if
there are no diabatic and frictional effects or
numerical diffusion. The problems listed above
are inherent in the use of the spectrum model in
the o-coordinates. A better estimation of PV
change in the numerical model may depend on
development of the other types of numerical
models such as the contour advection model in
which PV is used as a prognostic variable (e.g.
Dritschel and Ambaum, 1997). However, the
approach like this study may be valuable since
there have been many studies on PV evolution by
using the spectrum model. In order to see how
much the numerical truncation may affect the
results, we have tested dependencies of the reso-
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latitude

Fig. 6. Meridional distributions of the source term of PV due to (a) diabatic effect, (b) frictional effect and (c) “mixing
effect” (see text). As in Fig. 5b, the contour interval is 0.02 PVU (10 days) ..

lution of the numerical model on the PV fields model may be written as
and PV changes by changing vertical and hori-

zontal resolutions (Section 6). Dp P A0Q/T) —g@ k-Vyx Fs+D (8)
ap H H s

The Lagrangian change in PV calculated in the Dt 00
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in which velocity fields used in the Lagrangian
time derivative on the left-hand side has a rela-
tively larger scale resolved in the model. The PV
change shown in Fig. 4b corresponds to the integ-
ral on the left-hand side along each trajectory. On
the other hand, D may be interpreted as an effect
of small scale mixing which is not resolved in the
model, although this interpretation should be
reserved since many numerical effects described
above contaminates this term. The effect of this
term will be referred to “mixing effect” in short.
Fig. 6¢c shows the meridional distribution of the
mixing effect which is given by the subtraction of
Fig. 6a, b from Fig. 5b. In comparison to Fig. 5b,
the negative tendency of PV in the lower layers
disappear and the large positive tendency in the
polar lower regions is greatly reduced. As a result,

-90 -60 -30 0 30 60 90
latitude

-90 -60 -30 0 30 60 90
latitude
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Fig. 6c shows basically positive tendency in the
lower half of the troposphere, and negative tend-
ency in the upper half of the troposphere. These
tendencies are thought to reflect the effect of the
mixing on isentropic surfaces. Since air parcels
spread along isentropic surfaces as shown in Fig. 2,
parcels which have smaller PV in the lower layers
will be mixed with those parcels which have larger
PV in the upper layers, and vice versa.

As in Fig. 5b for the Lagrangian mean change
in PV during 10 days, Fig. 7 shows changes for
further longer durations (20, 30, 40, 50, and
60 days). Note that values are converted to the
change for 10 days; the same unit as in Fig. 5b.
As the integral time becomes longer, the smaller
scale structure seen in Fig. Sb becomes smoothed
out. The distribution of the PV change during

(b)
0.

-90 -60 -30 0 30 60 20
latitude

Fig. 7. As in Fig. 5b but for the Lagrangian mean changes in PV during (a) 20, (b) 30, (c) 40, (d) 50, and (e) 60 days.

The contour interval is 0.02 PVU (10 days) ..
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60 days has a different pattern between the
“Underworld” and the “Middleworld”: the
“Underworld” is defined to be the region below
the isentrope that starts from the equatorial sur-
face and reach the tropopause at the pole, whereas
the “Middleworld” is the region above the
Underworld in the troposphere (Hoskins, 1991).
In the Middleworld, if compared in a same isen-
trope, the PV change is positive in the lower and
equatorward region and negative in the upper and
poleward region. The isentropes in the
Middleworld are further divided into two parts:
one is those which reach the subtropical jets (the
upper part of the Middleworld) and the other is
those which reach the tropopause in the mid- and
high-latitudes (the lower part of the Middleworld;
see Fig. 1). The boundary of the positive and the
negative tendency regions of PV is different
between the two parts of the Middleworld. In the
upper part, the negative region persists for 60 days
near the subtropic jets, whereas the positive region
also remains around 20°. In the lower part of the
Middleworld, the boundary of the positive and
negative tendency regions is located around the
40°. As for the Underworld, the positive tendency
region in the equatorward latitudes vanishes on
the entire isentropes, except for the positive region
exists persistently in the polar lower layers due to
the frictional effect (Fig. 6b). The negative tend-
ency of PV in the Underworld reflects the heating
near the surface boundary and the equatorial flow
along the the surface.

3.3. Lagrangian changes of characteristic parcels

Let us examine characteristic points shown in
Figs. 5b and 7. We choose the following three
points: P: (¢ =29.3°, 0 =0.825), Q: (¢ =49.2°, 6 =
0.477), R: (¢=29.3°, 6 =0.477). The evolution of
the parcels released from P is already shown in
Figs. 2-4. Fig. 8 shows every meridional position
of the parcels at the day 10 released from P, Q,
and R. In each figure, the initial position is indi-
cated by the cross, and the mean position at the
day 10 is by the square. The Lagrangian mean
trajectory passes the two positions. In Fig. 8, those
parcels which experienced larger change in PV
than the root mean square of changes are desig-
nated by circles (positive) and triangles (negative).
In general, positive PV changes are seen in the
parcels which moved poleward, and negative PV
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changes are seen in the parcels which moved
equatorward. Some exceptions are seen particu-
larly for the parcels released from Q: two parcels
shown by triangles poleward from 80° (Fig. 8b)
must have larger PV in the initial state. Fig. 8c
shows the parcels released in the region of the
subtropical jets. In this case, the parcels are also
spreading along the isentropic surfaces even in the
subtropics. Some parcels moved equatorward are
put into the tongue region of PV near the equator.

As shown by Fig. 5b, the 10 days change in the
Lagrangian mean of PV is positive at P, and is
negative at Q and R. The signs of the Lagrangian
mean changes in PV correspond to whether
the Lagrangian mean trajectory crosses the PV
contours downgradient or upgradient. The
Lagrangian mean trajectory of P is poleward
along the isentrope and it is also upgradient of
the PV contours in the relatively homogenised
region of PV. The Lagrangian mean trajectory of
Q crosses the PV contours downgradient and
equatorward, while the mean values of potential
temperature slightly decreases. Though there is
some meandering in the Lagrangian mean traject-
ory of Q, it is not meaningful since each parcel
has a large amplitude of motion. The trajectory
of R also crosses the PV contours downgradient.

3.4. Relation between Lagrangian mean motions
and PV distribution

Figs. 9a, b show meridional distributions of the
Lagrangian mean trajectories for 10 days and
60 days, respectively. The initial points of the air
parcels are indicated by small black circles in
Fig. 9a and by open circles in Fig. 9b. In these
figures, only the trajectories for every four grid
points in the vertical and every two grid points in
the latitude are shown. In Fig. 9a, the contours of
potential temperature are added by dotted lines
and those of PV by solid lines. This shows relations
between the PV contours and the Lagrangian
mean motion. We can see nearly parallel relation-
ship between the isentropes and the Lagrangian
mean motions. In particular, in the lower level
(6 =0.875) from 20° to 45°, the Lagrangian mean
motions is poleward, whereas in the upper level
(6 =0.477) around 50°, it is equatorward.
Although these trajectories are almost parallel to
the contours of potential temperature, their direc-
tions are opposite. These trajectories reflect large
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(b)

latitude

Fig. 8. Positions of the air parcels at the day 10 and the Lagrangian mean trajectory for 10 days (thick line). Open
circle means PV change is greater than the root mean square (RMS) change in PV, white triangle means PV change
is smaller than RMS, and the other parcels are shown by small black points. The initial position is indicated by
plus and the mean position at the day 10 is by open square. (a) is for the same parcels as in Fig. 2, which are released
from ¢ =29.3° and o = 0.825, (b) is for the parcels from ¢ =49.2° and ¢ =0.477, and (c) is for the parcels from ¢ =
29.3° and 0 =0.477. As in Fig. 2, the zonally averaged PV and potential temperature at the day 0 are added.
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latitude

Fig. 9. The Lagrangian mean trajectories for (a) 10 and (b) 60 days. (c) is the meridional distribution of changes in
zonal mean PV corresponding to the Lagrangian mean displacements during 10 days (see text). Trajectories for
every four vertical and every two meridional grid points are shown. In (a), the initial positions are indicated by small
black points. As in Fig. 2, contours of the zonally averaged PV and potential temperature are added. In (b), The
initial positions are indicated by open circles. Contour interval for (c) is the same as in Fig. 5b.
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Fig. 10. Schematic relation between the contours of PV,
potential temperature and the Lagrangian mean
motions.

amplitude motions on isentropic surfaces, as
described in Fig. 8. The Lagrangian mean motions
are convergent in these regions in the sense that
their directions are toward the centre of the
motions (Noda, 1988). In the upper level in the
subtropics (¢ =20°, o =0.477), the Lagrangian
mean motions are downward. Although this corre-
sponds to the downward motion of the Hadley
circulation, they are slightly equatorward than the
PV contours as a result of the relatively larger
equatorward spreading along isentropic surfaces.
In the lower level (o0 =0.875) of the poleward
latitudes from 45°, the equatorward motion
becomes predominant. This region is in the
Underworld in which the Lagrangian mean
motions reflect the equatorward flow near the
lower surface.

Fig. 9c shows the meridional distribution of the
changes in zonal mean values of PV at the
Lagrangian mean positions of the parcels at the
interval of 10 days. The change at each meridional
grid point is defined by a difference between the
zonal mean value of PV at the Lagrangian mean
position at the day 10 and the initial value of
zonal mean PV. For instance, for the parcels
released from the points on the contour of value
of zero (the dotted contour), the Lagrangian mean
position stays on the same contour of zonal mean
PV as that of initial zonal mean PV. The distribu-

M. SATOH

tion in Fig. 9c resembles that of Figs. 5b or 7. As
already indicated in Fig. 8, the Lagrangian mean
changes in PV are close to the changes in zonal
mean values of PV at the Lagrangian mean posi-
tions of the parcels. In particular, the shape of the
dotted contour in Fig. 9c resembles a contour of
the meridional distribution of PV in the subtrop-
ics. This implies that, at the points on this dotted
contour, the directions of the PV contour are close
to those of the Lagrangian mean motions. The
above argument should be used understandings
of the larger scale structure, since there are much
quantitative difference in the details of the distribu-
tions between Figs. 5b and 9c.

4. Summary and discussion

Although this study is based on the results from
the idealistic GCM, this simple framework gives
a characteristic relationship between the meridi-
onal distribution of PV and the meridional circula-
tions. The contours of PV have somewhat similar
structure to the streamfunction of the residual
circulation and are also parallel to the vectors of
the Lagrangian mean motions. The downward
motion of the Lagrangian mean circulations in
the subtropics corresponds to the vertical direc-
tions of the PV contours, and the relatively parallel
displacements to the isentropes in the mid-latit-
udes correspond to the PV homogenisation along
the isentropic surfaces. This similarity, however,
does not mean that PV is conserved along the
meridional Lagrangian mean flow in the time scale
of the meridional circulation: PV of each parcel
experiences various changes during the time scale
of more than 10 days.

In order to examine the Lagrangian change in
PV, trajectories of air parcels have been obtained
for several tens of days. The well-known character-
istics are confirmed in the Lagrangian motions of
air parcels. In the mid-latitudes, periodic motions
with large amplitudes along isentropic surfaces
can be seen. The characteristic time of the spread
of the parcels over the isentropic surface is less
than 5 days (Fig.2). In the low-latitudes, air
parcels also spread along isentropic surfaces
between the subtropic jet and the equatorial area.
In particular, those parcels which reach the lower
boundary layer are transported equatorward by
the equatorward flow near the surface.
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Next, we have examined changes in PV
associated with each parcel trajectory. In gen-
eral, if an air parcel moves poleward, PV
increases due to the mixing with the higher PV
of environmental airs, and if an air parcel moves
equatorward, PV decreases. (The signs of PV
and its tendencies are for the northern hemi-
sphere. In the southern hemisphere, these signs
are opposite.) In the case that the Lagrangian
mean motion is poleward, it implies that there
are more numbers of air parcels which move
poleward than those which move equatorward,
so that the Lagrangian mean change in PV
becomes positive. To a first approximation, the
Lagrangian mean changes in PV are related to
the meridional distributions of PV and the
Lagrangian mean motions in the meridional
plane. This relation is shown in Fig. 10: if the
Lagrangian mean displacement crosses the PV
contours upgradient, the mean value of PV
increases, and if the displacement crosses the PV
contours downgradient, the mean value of
PV decreases. In particular, in the extratropics
where isentropic surfaces incline toward higher
altitudes as latitudes become higher, there are
periodic motions with large amplitudes along
the isentropic surfaces. In these regions, owing
to the mixing with environmental airs, air
parcels gain higher PV if they move to the
higher latitudes, and their PV is diluted if they
move equatorward. In the central region of the
periodic motions, changes in PV become small
since poleward movements and equatorward
movements equally occur. Only in this region,
the Lagrangian mean change in PV becomes
zero, and directions of the contours of PV
become close to the displacement of the
Lagrangian mean motions.

For the time scale of more than 10 days,
distribution of the Lagrangian mean changes in
PV gradually possesses different structure
between Underworld and Middleworld. In the
Underworld, the meridional circulation is char-
acterised by the isentropic mixing and the
equatorward flow near the ground surface. For
a longer time scale than 10 days, contributions
of the equatorward flow near the ground become
large, so that the effects of the sensible heat and
the friction in the boundary layers become
prominent for the change in PV. On the other
hand, in the Middleworld, the mixing effect
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dominates. If PV tendencies are compared on
the same isentrope, PV changes in the equatorial
region are positive and PV changes in the polar
region or the region near the tropopause are
negative. Furthermore, the Middleworld is also
divided into two parts: the upper part in which
isentropes reach the subtropic jets, and the lower
part in which isentropes reach the extratropical
tropopause. In each part, the centre of PV
mixing is located different latitudes: about 25°
vs 45° In the Middleworld, the shape of the
contour of no change in PV resembles a contour
of the zonally averaged PV (Fig.9).

The boundary between the Underworld and
the Middleworld does not exactly correspond to
the boundary of characteristic distributions of
PV change, since changes in potential temper-
ature become appreciable during the time scale
for the meridional scale. The lower boundary of
the region which characterise the mixing along
the isentropes should be located at higher level
than the boundary between the Underworld and
the Middleworld. For further longer time scale
than the hemispheric overturning time, air par-
cels will make a round circuit of the hemisphere.
In this case, the Lagrangian mean displacements
will direct toward the mass centre of the hemi-
sphere. The Lagrangian mean PV will trivially
become close to the hemispherically averaged
value of PV. Such a long term change will not
be informative.

It might be asked how the Lagrangian mean
change in PV shown in the present study are
related to the previous works on PV budget
analysis in the meridional plane. Edouard et al.
(1997) have shown the PV budget analysis on
the isentropic coordinates, and obtained distri-
butions of advection of PV due to rotation fields
and divergent fields, separately. The meridional
distribution of the divergence advection of PV
has a strong negative tendency (in the northern
hemisphere) near the tropopause and is balanced
by the diabatic term. In the present study, this
kind of diabatic effect near the tropopause is
also seen in Fig. 6a as a positive contribution to
the PV change. In the meridional distribution of
the rotational advection of PV of Edouard et al.,
a dipole pattern is seen near the tropopause in
the mid-latitude: this pattern consists of positive
tendency of PV in the equator side of the
tropopause on the isentropic surface and nega-
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tive tendency in the polar side. This dipole
pattern is interpreted as a result from the cross-
tropopause mixing of PV. They have argued
that the tendency due to the rotational advection
is smaller than that due to the divergent advec-
tion. Hoskins (1991) has shown an example of
PV budget analysis on the isentropic surfaces
higher than 310K in the Middleworld. The
dipole pattern near the tropopause is also
shown. However, the values are much larger
than those of Edouard et al. (1997). The reason
for this discrepancy is not clear, but might be
due to the difference of the periods of the used
data: only one month data is used in Hoskins
(1991). In the present analysis, the effect of the
cross-tropopause mixing should be represented
in Fig. 6¢ as the mixing term D. In the region of
the subtropical jets, the change in PV shows a
large negative tendency. The diabatic effect is
smaller than the mixing effect, which is different
from Edouard et al. However, since the analyses
by Edouard et al. (1997) and Hoskins(1991)
is based on the Eulerian framework, the
Lagrangian change of the present study is not
directly compared with their results.

Limitation of the present results comes from
the simplification of the model. There are many
factors which might be important but are neg-
lected in this study. Firstly, longitudinally asym-
metric structures represented by the monsoon
circulation in the tropics contribute to the
change in PV (Hoerling, 1992). Secondly, effects
of latent heat release in the extratropics are
neglected in the present study. There is a region
where the diabatic term due to latent heat
release are positive in the extratropics. In this
region, the residual circulation intersects the
contours of the potential temperature upgradi-
ent, and the Lagrangian trajectory crosses the
isentropes in both ways. Then, this effect will
give a complicated mixing in the extratropics.
Thirdly, local vertical convection in dry or moist
sense is not introduced in this model framework.
In the problems of Lagrangian transports of
materials, vertical mixing due to this kind of
convection are important. In the present study,
however, only the changes in PV in synoptic
scale is relevant, so that it will be suffice to
include the effect of convection in a form of the
diabatic effect. In this model, since the
Newtonian cooling brings temperature close to
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the reference profile which has a slightly stable
stratification, local convection is thought to be
included in the radiation effect. It is not clear,
however, whether there are systematic differ-
ences of PV changes between the case in which
the Newtonian cooling is used and the case in
which local convection is introduced as a para-
meterised form. Further more, other important
factors such as the seasonal change and the
boundary layer turbulence can be counted as
differences from the real atmosphere.

Nevertheless, this kind of approach of using a
simplified model will give an insight into the
understandings of the meridional distribution of
PV. The results shown in this paper are only
qualitative and diagnostic. For the understand-
ings of the PV distribution, a theoretical model
of baroclinic equilibration is required to clear
out the difference between the slopes of the
contours of PV and the contours of potential
temperature, the gradient of PV along the
isentropic surfaces in the mid-latitudes, and the
difference from the directions of the Lagrangian
mean circulation. As one of possible approaches
of using the models, we may evaluate an effect
of the Hadley circulation intensity on the mid-
latitude statistics by changing external para-
meters. We may explore how the global distribu-
tion of PV and the Lagrangian tendency of PV
respond to the Hadley circulation intensity.
These statistics could be compared to the theor-
ies of baroclinic equilibration which is thought
to be relevant to the PV homogenisation in the
mid-latitudes.

5. Appendix A

Calculation of potential vorticity

The potential vorticity (PV) in the hydrostatic
balance has a following form:

P t 1 ov
-8 acosp \di/,

1 O(u cos ¢) 00
v A A

where a is the radius of the earth, g is the
acceleration due to gravity, A is longitude, f=
2Qsin ¢ is the Coriolis parameter, and Q is the
rotation velocity of the earth. The derivatives of
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velocities are taken along isentropic surfaces. In
the o-coordinates, this is written as

-l (5)
P==q—|/+ —
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The calculation of PV in this study is based on
this form. In general, contributions of the terms
including vertical derivatives of u and v in eq. (10)
are very small. The derivatives along ¢ surfaces
are calculated with the spectrum method. The
derivations with respect to ¢ is obtained with
linear interpolation from values in the two levels
just above and below the level considered. Vertical
derivative of a physical quantity 4 at the level k
is given by

DANK  Agk+1_ gkt
<%> T gkt gt

(11)

Such a linear method would induce large errors
where 0 changes drastically in the vertical direc-
tion, i.e. close to the lowest level and near the
tropopause. In this study, we take relatively many
layers in the model to diminish the errors, especi-
ally near the lower surface. Furthermore, we
mainly concentrate on the zonally averaged fields,
irregular profiles of PV are smoothed out by the
averaging.

6. Appendix B

Dependency on resolutions of the model

We examine how the resolution of the numerical
model affects the calculation of PV changes. The
results shown in this paper is based on the model
with the horizontal resolution T42 and 48 vertical
levels. The vertical levels are placed at ¢ =0.995,
0.980, 0.955, 0.920, 0.875, 0.825, 0.775, 0.725, 0.675,
0.625, 0.575,0.525, 0.477, 0.432, 0.392, 0.356, 0.323,
0.293, 0.265,0.241, 0.218, 0.198, 0.180, 0.163, 0.148,
0.134, 0.122, 0.110, 0.100, 0.0908, 0.0824, 0.0747,
0.0678, 0.0615, 0.0557, 0.0506, 0.0459, 0.0416,
0.0377, 0.0342, 0.0310, 0.0282, 0.0255, 0.0232,
0.0210, 0.0175, 0.0124, 0.00415. We have tested
models of other resolutions: T42 and 32 levels
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(T42L.32) and T63 and 32 levels (T63L32). The
vertical levels of the 32 level model are placed at
= 0.995, 0.980, 0.955, 0.920, 0.875, 0.825, 0.750,
0.650, 0.549, 0.462, 0.394, 0.335, 0.285, 0.243, 0.207,
0.176, 0.150, 0.128, 0.109, 0.0925, 0.0787, 0.0670,
0.0571, 0.0486, 0.0414, 0.0352, 0.0300, 0.0255,
0.0217, 0.0175, 0.0124, 0.0415. These levels are
placed with approximately equal height difference
between o = 0.5-0.02: the height difference is about
1273m for the 32 level model, and about 771m for
the 48 level model.

By using the models with the three different
resolutions, we calculate the Lagrangian change
in PV. Trajectories of air parcels are calculated
for 10 days by using the velocity fields after the
day 80 of the integration from the same initial
condition. Fig. 11 shows the zonally averaged PV
change along trajectories in the cases of T421.32
and T63L32. These figures correspond to Fig. 5b
for T421.48. Although there are differences in the
distributions of the PV change, overall pattern of
their signs are similar in the three cases. Main
differences are derived from the differences in the
equilibrium states of PV fields, particularly in the
subtropical jets and the boundary layers in the
subtropics (not shown here). The gradient of PV
around the subtropical jets becomes larger as the
vertical and horizontal resolution becomes finer.
Hence, the negative tendency of PV near the
subtropical jets (¢ =30°, ¢ = 0.2), which commonly
appear in Figs. 5b and 11, is largest for T421.48
and smallest for T42L32. In the lower layers of
the subtropics, the stratification is larger both for
T42L.32 and T63L32 than that for T421.48; hence,
PV values are also larger for T421.32 and T63L32.
The large tendency of PV in this region (¢ =30°,
0 =0.8) shown in Fig. 11 comes from the larger
stratification below this level. The horizontal reso-
lution does not seem to influence the tendency of
PV in this region; the vertical resolution has a
greater impact on the stability in the lower layers.
On the other hand, the “mixing effect” as shown
by Fig. 6c has a very similar structure among the
three cases; this has a positive tendency in the
lower layers and a negative tendency in the upper
layers. As this mixing effect reflects many numer-
ical effects described in Section 3, the fact that the
distribution of the mixing effect is not so much
influenced by the resolution suggests that our
results shown in this paper are rather robust at
least qualitatively.
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Fig. 11. Dependency of the Lagrangian mean change in PV during 10 days on the resolution of the model: (a) T42L32
and (b) T63L32. Contours intervals are the same as in Fig. 5b.
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