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ABSTRACT

This article examines the sensitivity of the Laboratoire de Météorologie Dynamique Model with Zoom
Capability (LMDZ), a gridpoint atmospheric GCM, to changes in the resolution in latitude and longitude,
focusing on the midlatitudes. In a series of dynamical core experiments, increasing the resolution in latitude
leads to a poleward shift of the jet, which also becomes less baroclinic, while the maximum eddy variance
decreases. The distribution of the jet positions in time also becomes wider. On the contrary, when the resolution
increases in longitude, the position and structure of the jet remain almost identical, except for a small equa-
torward shift tendency. An increase in eddy heat flux is compensated by a strengthening of the Ferrel cell. The
source of these distinct behaviors is then explored in constrained experiments in which the zonal-mean zonal
wind is constrained toward the same reference state while the resolution varies. While the low-level wave
sources always increase with resolution in that case, there is also enhanced poleward propagation when in-
creasing the resolution in longitude, preventing the jet shift. The diverse impacts on the midlatitude dynamics
hold when using the full GCM in a realistic setting, either forced by observed SSTs or coupled to an ocean

5831

model.

1. Introduction

a. Sensitivity of the simulated climate to the model
resolution

During the last two decades, the rapid advances in
computer power have allowed incorporation of new
components of the climate system and to represent more
and more physical processes in global climate models.
These advances have also allowed a nearly doubling of
the model spatial resolution between each Intergov-
ernmental Panel on Climate Change (IPCC) assessment
report. This rapid increase in resolution elicited early
studies aiming to quantify the improvements brought
on by such a refinement in a number of atmospheric gen-
eral circulation models (AGCMs) and to determine the
“best” resolution to optimally represent climate processes.
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Significant impacts were found on a range of climate fea-
tures: zonal winds (Boville 1991; Boyle 1993; Déqué et al.
1994), eddy kinetic energy (EKE) and heat and momen-
tum fluxes (Boville 1991; Boyle 1993), stationary eddies
(Chen and Tribbia 1993), cloud cover and precipitation
(Kiehl and Williamson 1991; Déqué et al. 1994; Phillips
et al. 1995), and ozone concentration (Déqué et al. 1994).

While the first studies could not highlight a resolution
better than the others (Boer and Lazare 1988), a general
improvement of the simulation was found by Boville
(1991), Kiehl and Williamson (1991), and Williamson et al.
(1995) from the T21 to the T63 grids. The numerical
solutions were found to converge at the T42 (Boyle
1993) and T63 (Williamson et al. 1995; Boer and Denis
1997) resolutions for mean fields, such as the zonal-mean
wind and temperature, the meridional circulation, the
eddy statistics, the vertical motions, the moisture pat-
terns, and the cloud fraction. Later studies at higher
resolutions showed that while some features of the
models tend to converge at commonly used resolution
(surface heat and momentum fluxes, equatorial waves),
other ones keep evolving even at very high resolutions.
These convergence properties are highly model de-
pendent, with no convergence at the N144 resolution
for moisture and precipitation in the third Hadley
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Centre Atmosphere Model (HadAM3) (Pope and Stratton
2002); at the T319 resolution for eddy kinetic energy, mid-
troposphere geopotential height, zonal-mean wind and
temperature, and meridional circulation in the European
Centre for Medium-Range Weather Forecasts (ECMWF)
model (Brankovi¢ and Gregory 2001); and at the T340
resolution for sea level pressure, cloud fraction, and eddy
heat and momentum fluxes in the National Center for
Atmospheric Research Community Climate Model,
version 2 (CCM2) (Williamson 1999; Hack et al. 2006;
Williamson 2008). In the ECHAM4 model from the
Max Planck Institute for Meteorology, the convergence
was found to depend on the vertical resolution
(Roeckner et al. 2006).

b. The midlatitude atmospheric circulation

Focusing on the midlatitude dynamics, a better agree-
ment can be found between the different models. An
increase in horizontal resolution generally leads to a tro-
pospheric warming and a poleward shift of the westerly
jets (Boyle 1993; Williamson et al. 1995; Hack et al. 2006;
Stendel and Roeckner 2006; Roeckner et al. 2006; Wan
et al. 2008; Déqué et al. 1994; Boer and Denis 1997;
Stratton 1999; Pope and Stratton 2002). In the Geophysical
Fluid Dynamics Laboratory (GFDL) model (Held and
Phillipps 1993; Hamilton et al. 1995), the midlatitudinal jet
intensifies but does not shift poleward.

These changes in the zonal-mean wind are accompa-
nied by an increase in eddy kinetic energy and eddy
momentum fluxes with resolution (Boyle 1993; Held and
Phillipps 1993; Williamson et al. 1995; Stratton 1999). At
low resolutions (R15-R30), Held and Phillipps (1993)
highlight the major role of the increase in latitudinal
resolution rather than longitudinal resolution in ex-
plaining the increase in eddy momentum flux and hence
zonal winds. The sensitivity to the latitudinal resolution
reflects the need to resolve small scales generated in the
Rossby wave field, which are not resolved at low reso-
lutions such as R15. Using the experimental setup pro-
posed by Held and Suarez (1994), Wan et al. (2008)
similarly obtained an increase in baroclinic wave am-
plitude (BWA) when increasing the resolution from T31
to T159 in the ECHAMS dynamical core, associated
with an increase in eddy heat flux, a warming of the mid-
and high latitudes, and a weakening and poleward shift
of the jet. On the contrary, Pope and Stratton (2002)
attributed the poleward shift of the extratropical jets to
changes in the hydrological cycle in the full HadAM3
model (N48-N144). In their dynamical core experi-
ments following the Held and Suarez (1994) proposal,
they also obtained an increase in transient eddy kinetic
energy and an upper-tropospheric warming but no shift
of the jet. Despite the agreement between a number of
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atmospheric models in showing a poleward shift of the
jet when increasing the horizontal resolution, the mech-
anisms by which this shift occurs do not yet bring such
a consensus.

c. Aim of this study

The aim of this paper is to document the impact of the
horizontal resolution on the zonally averaged mid-
latitude atmospheric circulation in the Laboratoire
de Météorologie Dynamique Model with Zoom Capa-
bility (LMDZ), which is the atmospheric component of
L’Institut Pierre-Simon Laplace (IPSL) global climate
model used for IPCC projections. To better explore the
reasons for the changes, we use mostly idealized dy-
namical core experiments. Additionally, as an original
approach, we analyze separately the impacts of changes
in the resolution in latitude and in longitude, extending
the idea of Held and Phillipps (1993) at higher resolu-
tions. The more general impact of the resolution on the
climate simulated by the full coupled model, its vari-
ability and sensitivity, were partially described in Marti
et al. (2010) and will be the object of another study.

The paper is organized as follows: In section 2, we
diagnose the different impacts of the latitudinal and
longitudinal resolutions on the midlatitude atmospheric
circulation in the full AGCM, in coupled mode or forced
by observed SSTs. Section 3 demonstrates the major
role of the dynamical core of version 4 of the LMDZ
(LMDZ4) on these effects. Section 4 investigates the
responsible processes by means of constrained experi-
ments in which the zonal-mean jet is imposed. Sections 5
and 6 are dedicated to discussions and conclusions, re-
spectively.

2. Sensitivity of the full atmospheric model
a. The IPSL coupled general circulation model

The IPSL (Marti et al. 2005, 2010) climate model is based
on the coupled core formed by the LMDZ4 AGCM
(Hourdin et al. 2006), the Océan Parallélisé (OPA) ocean
general circulation model (OGCM) (Madec et al. 1997),
the Louvain-la-Neuve Sea-Ice Model (LIM) (Fichefet and
Morales Maqueda 1997, 1999), and the Organizing Carbon
and Hydrology in Dynamic Ecosystems (ORCHIDEE)
(Krinner et al. 1997) land surface model. The LMDZ4
component is briefly described in the following. Full details
about the IPSL model are given in Marti et al. (2010).

THE LMDZ4 ATMOSPHERIC MODEL

The dynamical part of the LMDZA4 code is based on
a finite-difference formulation of the primitive equa-
tions of meteorology. These equations are discretized on
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b) Atmosphere model
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FIG. 1. Probability density function (PDF) of the Southern Hemisphere winter jet positions, computed as the
latitude of the zonal-mean zonal wind maximum at the 850-hPa level, (a) for the five coupled simulations run with
the IPSL coupled model and described in section 2b and (b) for the five atmosphere-only simulations run with the
LMDZ4 model and described in section 2c. The PDF for the NCEP reanalysis is shown in gray.

the sphere in a staggered and longitude-latitude Ara-
kawa C-grid (Kasahara 1977). The discretization insures
numerical conservation of both enstrophy (square of the
wind rotational) for barotropic flows, following Sadourny
(1975a,b), and the axi-symmetric component of angular
momentum. For latitudes poleward of 60° in both hemi-
spheres, a longitudinal filter is applied to limit the effec-
tive resolution to that at 60°. Horizontal dissipation is
added to the dynamical equations. Based on an iterated
Laplacian, it is designed so as to represent properly the
pumping of enstrophy at the cutoff scale. The time step
is bounded by a Courant-Friedrichs-Lewy (CFL) criterion
of the fastest gravity modes. The time integration uses a
leapfrog scheme with a periodic predictor—corrector time
step. The time step is of 2 h for the radiation scheme,
30 min for physics, and 3 min in the standard resolution
(96 X 72) for the dynamics. On the vertical, the model uses
a classical hybrid o — p coordinate and has 19 layers
with the first four layers in the first kilometer above
surface, a mean resolution of about 2 km between 2 and
20 km and four layers above 20 km. Vapor and liquid
water are advected with a monotonic second-order fi-
nite volume scheme (Van Leer 1977; Hourdin and
Armengaud 1999).

b. Position of the jet in the coupled model

Five coupled simulations were run with the IPSL
coupled model changing the LMDZ4 horizontal reso-
lution, its dynamical time step to respect the CFL cri-
terion, and the horizontal dissipation scale for
consistency; the other parameters being kept constant.
The selected resolutions are 96 X 72, 96 X 96, 144 X 96,
144 X 144, and 192 X 144, where the first and second
numbers correspond to the longitudinal and latitudinal

number of grid points, respectively. These simulations
last 50 yr. Note that the 96 X 96 and 144 X 144 resolu-
tions are isotropics at 60°, while the 144 X 72 resolution
is isotropic at the equator.

In the rest of this article, all the figures presenting some
statistics on a consistent set of experiments will follow the
same color code. Each selected color corresponds to one
latitudinal resolution (green = 144, blue = 96, red = 72,
black = 48), while each selected line style and symbol
corresponds to one longitudinal resolution (dashed-—
dotted/diamond = 48, dotted/up triangle = 72, continuous/
square = 96, dashed/circle = 144, dashed—dotted/down
triangle = 192). When showing differences in some
statistics between couples of simulation, a change in lat-
itudinal resolution is plotted in red, while a change in
longitudinal resolution is plotted in blue.

Figure 1a shows the distribution of the position of the
Southern Hemisphere jet in each of the coupled simu-
lations, as well as in the National Centers for Environ-
mental Prediction (NCEP) reanalysis. The jet position is
defined as the location of the zonal-mean zonal wind
maximum at 850 hPa. An increase in the latitudinal
resolution of the LMDZ4 atmospheric model is asso-
ciated with a poleward shift and an increase in variance
of the distribution. The mean position of the jet in the
96 X 96 (144 X 144) simulation is poleward of its mean
position in the 96 X 72 (144 X 96) simulation by 2.27°
(2.28°). These shifts of the position are both significant at
the 99% level (p value < 2.2 X 107'%); we use for dif-
ferences in the jet position a two-sided ¢ test with a
Welch approximation of the degrees of freedom to ac-
count for the difference in variance of the two distri-
butions. The variance of the jet position in the 96 X 96
(144 X 144) simulation is 1.82 (1.15) times the one in the
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96 X 72 (144 X 96) simulation. These differences in
variance are both significant at the 90% level using a
Fisher test (p value ~ 10~'% and p value = 0.083, re-
spectively). In the 96 X 72 simulation, which corre-
sponds to the resolution used in the IPSL Coupled
Model, version 4 (IPSL CM4) for the IPCC Fourth
Assessment Report (AR4), the jet is far too equator-
ward relative to the NCEP data (by 9.8°). The IPSL CM4
stands among the worst coupled models used in the
AR4 framework (Russell et al. 2006) regarding this
aspect, together with the Goddard Institute for Space
Studies Atmosphere-Ocean Model (GISS-AOM). In-
creasing the latitudinal resolution improves the repre-
sentation of the midlatitudinal jet in the coupled model.
However, even in the simulation with the highest reso-
lution (192 X 144), the jet is still too equatorward by
4.36°. The variance of its position is also underestimated
by a factor 2.24. An increase in the longitudinal resolution
has a negligible effect on the jet position or its variance.

We can wonder if the impact of the horizontal reso-
lution on the jet position comes from the dynamical core
of the LMDZ4 atmospheric model, its physical param-
eterizations, or the interaction with the other compo-
nents of the coupled model, such as the ocean, for
example. To test the third hypothesis, we perform the
same diagnoses in a corresponding set of atmosphere-
forced simulations.

c¢. Position of the jet in the atmosphere-only
simulations

We now consider simulations run with varying hori-
zontal resolution, dynamical time step, and horizontal
dissipation scale as in the set of coupled simulations but
with climatological sea ice and SST used in the Atmo-
spheric Model Intercomparison Project (AMIP) as lower
boundary conditions. The same resolutions are se-
lected, that is, 96 X 72,96 X 96, 144 X 96, 144 X 144,
and 192 X 144. Each of these simulations last 10 yr.

Figure 1b shows the distribution of the Southern
Hemisphere jet positions in each of these atmosphere-
forced simulations and in the NCEP data. As in the
coupled model, only an increase in latitudinal resolu-
tion of the atmospheric model is associated with a
poleward shift and an increase in variance of the dis-
tribution: the mean position of the jet in the 96 X 96
(144 X 144) simulation is poleward of its mean position
in the 96 X 72 (144 X 96) simulation by 2.20° (2.16°).
These shifts of the position are both significant at the
99% level (p value < 2.2 X 10~ '°). The variance of the jet
position in the 96 X 96 (144 X 144) simulationis 1.72 (1.61)
times the one in the 96 X 72 (144 X 96) simulation. These
differences in variance are both significant at the 99%
level (p value = 0.01 and p value = 0.003, respectively).
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While there is an improvement compared to the coupled
model, even in the simulation with the highest resolution
(192 X 144) the jet is still too equatorward by 2.63° com-
pared to its position in the NCEP data, and the variance of
its position is underestimated by a factor of 1.31.

We now turn to idealized simulations, to explore a
wider range of resolutions and to try to understand better
the mechanisms responsible for the different responses
to increases in the resolution in latitude or longitude.

3. Dynamical core experiments
a. Idealized experiments: Design and validation

To determine whether the impact of the horizontal
resolution on the midlatitude atmospheric circulation
may be due to the dynamical core of the LMDZ4 atmo-
spheric model, we need to isolate the dynamics of the
LMDZ4 from the physical parameterizations while pre-
serving a realistic three-dimensional global circulation.
Held and Suarez (1994) have proposed benchmark cal-
culations satisfying these requirements to evaluate the
dynamical cores of atmospheric general circulation
models as a first step for intercomparison projects. Fol-
lowing their proposal, the detailed radiative, turbulence,
and moist convective parameterizations are replaced with
very simple forcing and dissipation. The forcing corre-
sponds to a Newtonian relaxation of the temperature
field to a zonally symmetric state, with an e-folding time
scale of 40 days in the free troposphere increased to
4 days in the tropical boundary layer. The equilibrium
temperature field is weakly stable on the vertical and
becomes isothermal above 200 hPa. To mimic a South-
ern Hemisphere winter distribution, we add an ¢ sin(lat)
term to the default equilibrium temperature profile
given by Held and Suarez (1994), where ¢ = 10 K. A
Rayleigh damping of the low-level wind with an e-folding
time scale of 1 day at the surface represents the bound-
ary layer friction. There is no topography, in the sense
that the surface is at constant geopotential. This method
has already been used to investigate the sensitivity of
the dynamical cores of different AGCMs to horizontal
resolution: Canadian Climate Centre model, version 2
(CCC2) (Boer and Denis 1997), HadAM3 (Pope and
Stratton 2002), GFDL (Gerber and Vallis 2007; Gerber
et al. 2008), and ECHAMS (Wan et al. 2008) and to
vertical resolution (Williamson et al. 1998; Gerber et al.
2008). Still using the Held and Suarez (1994) design,
Jablonowski (1998) and Ringler et al. (2000) validated
their geodesic dynamical cores, Chen et al. (1997) com-
pared the semi-Lagrangian and Eulerian schemes, and
Chen et al. (2007) examined the role of surface friction on
the midlatitudinal jet position.
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Before using the Held and Suarez (1994) proposal in
our resolution sensitivity study, we first validate its ap-
plication to the LMDZ4 atmospheric model in an ex-
periment with a 96 X 96 resolution, which lasts 20 yr of
perpetual austral winter. The statistics computed on this
simulation and shown on Fig. 2 can be compared with
previous studies with other models (Held and Suarez
1994; Chen et al. 1997; Ringler et al. 2000; Wan et al.
2008). The butterfly-like structure in zonal wind simu-
lated by the LMDZ4 is very similar to other models. A
midlatitudinal westerly jet appears in each hemisphere
near 50° with a maximum wind around 250 hPa of about
38 m s~ ' (28 m s~ ') in the winter (summer) hemisphere.
These jets close off with a well-defined reversed shear above
250 hPa. The surface westerlies reach about 15 m s’
(11 m s~ ') in the winter (summer) hemisphere. Subtropi-
cal jets can also be identified at about 30° with a maximum
wind of about 22 m s~ ! (15 m s~ ') in the winter (summer)
hemisphere. Easterlies appear in the equatorial and polar
atmosphere. The zonal-mean temperature (Fig. 2b)
corresponds to an austral winter distribution.

The eddy kinetic energy (Fig. 2¢) and the eddy tem-
perature variance (Fig. 2d) provide a measure of the
amplitude of the baroclinic waves." A single maximum
in kinetic energy appears in each hemisphere around
250 hPa near 45°, that is, where the midlatitudinal jet
resides. Two maxima in eddy temperature variance
can be seen in each hemisphere: one in the lower tropo-
sphere, which extends upward and poleward, and another
near the tropopause. The lower-troposphere maximum
coincides with the maximum in poleward heat transport
by the eddies (Fig. 2f). The eddies also transport mo-
mentum (Fig. 2e) poleward between 60°S and 60°N and
equatorward between 60° and 90°. The maxima in
poleward momentum fluxes are located on the equa-
torward side of the jet in both hemispheres. Thus, the
momentum fluxes converge at the location of the west-
erly jets in the midlatitudes, maintaining them against
surface friction. The poleward heat fluxes (Fig. 2f) result
in heat flux divergence in low latitudes and convergence
in high latitudes. These features are in good agreement
with those from previous studies.

We then perform a set of 10 additional idealized ex-
periments with the same equilibrium temperature. The
11 simulations have different horizontal resolutions, dy-
namical time steps, and horizontal dissipation scales
and each lasts 20 yr. The selected resolutions are 48 X 48,

! Eddies, defined as departures from the zonal average, normally
include stationary and low-wavenumber barotropic waves. In the
zonally symmetric setting used here, however, eddies are largely
dominated by baroclinic waves and will be referred to as such.
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72 X 48,96 X 48,72 X 72,96 X 72,144 X 72,96 X 96,
144 X 96,96 X 144,144 X 144, and 192 X 144. We tested
the impact of the time step on the results presented below
by running a simulation with a 48 X 48 resolution and
with a time step of the 144 X 144 simulation. We did not
find any significant impact of this change in time step on
the midlatitudinal atmospheric circulation. We also
tested the impact of the horizontal dissipation scale by
running a simulation with a 72 X 72 resolution and the
horizontal dissipation scale of the 144 X 144 simulation.
We found that the impact of this change in horizontal
dissipation scale is negligible relative to the impact of the
combined change in horizontal resolution and horizontal
dissipation scale.

b. Characteristics of the jet in the idealized
experiments

Figure 3a shows the distribution of the Southern
Hemisphere jet positions in each of the idealized ex-
periments. As in the simulations with the full GCM, an
increase in latitudinal resolution (color changes) at con-
stant longitudinal resolution (same line style) is associ-
ated with a systematic poleward shift of the distribution
by 2.25°-11.24°. The midlatitude jet is also located
poleward by 3.48° in the 96 X 96 simulation compared to
the 144 X 72 simulation. The total number of grid points
is similar at these two resolutions, so they provide a good
test of the impact of the anisotropy of the grid. These
shifts of the midlatitudinal jet position are all significant
at the 99% level. They are accompanied by poleward
shifts of the midlatitude maximum in the zonal-mean
meridional surface temperature gradient (Fig. 3b),
except in the lowest-resolution case. The 48 X 48 sim-
ulation exhibits a curious behavior with a secondary
midlatitude maximum around 50°S, which is not con-
sistent with the position of the midlatitudinal jet. The
shifts of the midlatitudinal jet position when increasing
the latitudinal resolution are also accompanied by an
increase in variance of the jet position by a factor of
1.26-2.62, except when changing the resolution from
72 X 48 to 72 X 72 (Fig. 3a). The increases in variance
are all significant at the 90% level. According to Gerber
and Vallis (2007) and Gerber et al. (2008) results ob-
tained applying Held and Suarez (1994) benchmark
calculations, a poleward shift in the jet position is also
accompanied by a decrease in the persistence of the
northern annular mode. While a clear poleward shift
and a clear increase in variance of the distribution are
observed when increasing the latitudinal resolution, the
changes are negligible when increasing the longitudinal
resolution (change in line style).

To diagnose the impact of the horizontal resolution
on the baroclinicity of the Southern Hemisphere jet, we
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96x96 idealized experiment: validation
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FIG. 2. The 96 X 96 idealized dynamical core experiment: zonal mean of (a) time-mean zonal wind, contour interval 4 m s~ '; (b) time-
mean temperature, contour interval 5 K; (c) eddy kinetic energy, contour interval 10 m? s~ % (d) eddy temperature variance, contour
interval 4 K?; (e) eddy momentum flux, contour interval 5 m? s~ % and (f) eddy heat flux, contour interval 1 K m s~ '. Continuous (dashed)
contours indicate positive (negative) values.
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Free idealized experiments

a) Distribution of jet positions
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FIG. 3. Free idealized experiments: (a) PDF of the winter jet positions, computed as the latitude of the zonal-mean

zonal wind maximum at the 850-hPa level; (b) meridional temperature gradient at the 985-hPa level, units 107> K m

—1.
>

(c) baroclinicity (s™1), averaged between 200 and 1000 hPa at the location of the jet; (d) strength of the Ferrel cell,
units hPam s~ L. In (c) and (d), the values are plotted as a function of the resolution in longitude (latitude), with dashed
lines linking simulations with the same resolution in latitude (longitude) in the top (bottom) panels. The 95% confidence

interval is shown together with the mean value.

compute the mean baroclinicity between 200 and
1000 hPa at the location of the jet. Figure 3c shows this
mean baroclinicity as a function of the longitudinal
(latitudinal) resolution in the top (bottom) panel with its

95% confidence interval. When the latitudinal resolu-
tion increases at constant longitudinal resolution, the jet
becomes more barotropic (significant at the 99% level
using a ¢ test). The mean baroclinicity of the jet is also
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lower by 1.5 X 10”7 s~ ! in the 96 X 96 simulation than
in the 144 X 72 simulation (significant at 99%). This
decrease of the baroclinicity occurs as the jet moves
poleward, despite the increase in the absolute value of
the Coriolis factor f, and is consistent with the lower
value of the temperature gradient at the jet position
(Fig. 3b). There is no systematic impact on the baro-
clinicity of the jet in these idealized simulations when
changing the longitudinal resolution.

To complement these analyses, we diagnose the impact
of the horizontal resolution on the strength of the Ferrel
cell, computed as the maximum of the zonal-mean me-
ridional streamfunction in the midlatitudes of the South-
ern Hemisphere. Figure 3d shows the strength of the
Ferrel cell, defined in this way with its 95% confidence
interval as a function of the longitudinal (latitudinal)
resolution in the top (bottom) panel. The streamfunction
maximum increases by 11.4-31.6 hPam s~ ' when the
longitudinal resolution increases at constant latitudinal
resolution, except when changing the resolution from 48
X 48 to 72 X 48. There is no systematic impact on the
strength of the Ferrel cell in these idealized simulations
when changing the latitudinal resolution. The stream-
function maximum is larger by 18.2 hPams ' in the
144 X 72 than in the 96 X 96 simulation.

In this section, we showed that in the LMDZ4 ideal-
ized experiments the following behavior is seen:

e When the latitudinal resolution increases, the South-
ern Hemisphere midlatitude jet moves poleward,
together with the position of the midlatitude maxi-
mum of the temperature gradient. The variability of
the jet position increases and the weaker temperature
gradient leads to a reduced baroclinicity.

o When the longitudinal resolution increases, the South-
ern Hemisphere jet position, variability, and barocli-
nicity do not change but the Ferrel cell strengthens.
This latter effect is not observed when the latitudinal
resolution increases.

¢. Baroclinic wave amplitude

In the midlatitudes, the atmospheric circulation is
mainly driven by the baroclinic waves and the associated
heat and momentum transports. To go farther, we thus
need to assess the role of the horizontal resolution on the
BWA, which we measure by the eddy kinetic energy at
240 hPa (Fig. 4a) and by the eddy temperature variance
at 850 hPa (Fig. 4b). These levels are where the maxi-
mum variance is reached and are representative of the
whole troposphere.

When the latitudinal resolution increases (color changes),
the positions of both the maxima in eddy kinetic energy
and in eddy temperature variance shift poleward: the
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sources of baroclinic waves follow the poleward shifts
of the midlatitude jet and of the maximum temperature
gradient. At the same time, the maxima in eddy kinetic
energy and in eddy temperature variance decrease by 2.2—
528 m* s~ 2 and 1.1-6.5 K?, respectively. This result can
also be seen in Figs. Sa and 5b, which show the values of
the maximum in eddy kinetic energy and eddy tempera-
ture variance between 20° and 70°S as a function of the
longitudinal (latitudinal) resolution in the top (bottom)
panels for the same experiments as in Figs. 4a and 4b. This
lower BWA with higher latitudinal resolution is consis-
tent with the reduced baroclinicity.

On the contrary, when the longitudinal resolution
increases (line style changes in Figs. 4a and 4b and
symbol changes in Figs. 5a and 5b), the maxima in eddy
kinetic energy and eddy temperature variance increase
in magnitude by 29.5-102.6 m*s~* and 2.0-10.1 K2,
respectively. This increase occurs with little change in
the jet position or baroclinicity and can thus be seen as
a consequence of the increased resolution. The stronger
Ferrel cell with higher resolution in longitude may be
driven by the higher BWA.

We can thus conclude that an increase in longitudinal
resolution is associated with more energetic baroclinic
waves, while an increase in latitudinal resolution is asso-
ciated with less energetic ones. Most previous studies
(Held and Suarez 1994; Boer and Denis 1997; Ringler
et al. 2000; Pope and Stratton 2002; Wan et al. 2008)
obtained an increase in BWA when increasing the hori-
zontal resolution. Our results are consistent with theirs
when the resolution is increased uniformly: both the
maxima in eddy kinetic energy and eddy temperature
variance increase when increasing the horizontal resolu-
tion from 48 X 48 to 72 X 72 and from 72 X 72 t0 96 X 96,
and the maximum in eddy kinetic energy also increases
when increasing the horizontal resolution from 96 X 96 to
144 X 144. However, the separate analysis shows that this
is because the increase in BWA brought by the increase
in the resolution in longitude more than offsets the de-
crease in BWA when increasing the resolution in latitude.

d. EP cross sections

We now study the impacts of the changes of the wave
characteristics on the mean flow using the Eliassen—
Palm (EP) formalism. The meridional and vertical com-
ponents of the EP fluxes are defined as follows:

Fy=—cos<p[u*v*] and
[v6+]
F = fcosp
p =IO el &)

where ¢ is the latitude, [ ] denotes the zonal mean, asterisk
denotes an anomaly relative to the zonal mean, f is
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FIG. 4. Time and zonal averages for the idealized experiments: (top) the free experiments described in section 3a
and (bottom) the constrained experiments described in section 4a for (a),(c) eddy kinetic energy, at the 240-hPa level
(m* s™2), and (b),(d) eddy temperature variance at the 850-hPa level (K?).

the Coriolis parameter, 6 is the potential temperature,
dp corresponds to the partial derivative relative to pres-
sure, and u and v are the zonal and meridional winds,
respectively.

Toillustrate the impact of the horizontal resolution on
the generation and propagation of the baroclinic waves,
we present meridional cross sections of Eliassen—Palm
fluxes as a representative example of an increase in
latitudinal resolution (Fig. 6, 96 X 72 to 96 X 96) and in
longitudinal resolution (Fig. 6b, 96 X 96 to 144 X 96).
Both the differences (blue arrows) and the total field for
the 96 X 96 simulation (black arrows) are shown. Note
that the scale is 6 times larger for the black arrows than
for the blue ones.

When increasing the resolution in latitude, the jet shifts
poleward. The differences in EP fluxes then also show
a shift in the low-level wave source, with an increase

poleward of the 96 X 96 jet and a decrease equatorward.
The loop is closed by enhanced equatorward propaga-
tion (poleward momentum transport) across the jet
position. This EP flux configuration is reminiscent of the
observed response to a shift of the jet through annular
mode variability (Lorenz and Hartmann 2001) and leads
to the maintenance of the jet at its new position.

When increasing the resolution in longitude, the char-
acteristics of the jet remain very close, and we observe an
increase in the EP fluxes in the low troposphere, which
corresponds to an intensification of the baroclinic wave
source. There is also a clear change in behavior of the
waves on the equatorward flank of the jet, with an in-
creased tendency toward poleward propagation (blue
arrows directed to the left). The result is an equatorward
momentum transport across the jet, inhibiting a poleward
move. The larger heat fluxes and upper-level momentum
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FIG. 6. Latitude—pressure cross sections of EP fluxes for selected (top) free and (bottom) constrained experiments. Color shading and
black arrows: mean zonal wind and EP fluxes at the 96 X 96 reference resolution, interval 2 m s~ '. Blue arrows and black contours:
differences in EP fluxes and in their divergence between the simulations at the (a),(c) 96 X 96 and 96 X 72 and (b),(d) 144 X 96 and 96 X 96
resolutions. Contour interval: 0.2 m s~ day™'; dashed contours negative. Black arrow scale is 6 times the blue one in (a) and (b) and 3

times in (c) and (d).

flux convergence are compensated by the stronger Fer-
rel cell, which maintains the same wind shear and tem-
perature gradient.

e. Limitations

In our set of idealized experiments, the midlatitudinal
jet shifts poleward when increasing the resolution in
latitude only. This is accompanied by a similar shift in
the position of the maximal surface temperature,
maintaining the thermal wind balance. The maximum of

the eddy energy also follows the jet, but the reduced
baroclinicity leads to less energetic waves. A last con-
straint is that the momentum transport by the eddies,
mediated by the mean meridional circulation, must
compensate the surface friction.

The observed changes in the waves and in the mean
flow are thus consistent with each other, but it is very
difficult to extract a cause that can be traced back to the
changes in resolution: changes in the characteristics of
the waves are probably largely forced by changes in the
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TABLE 1. Maximum in the Southern Hemisphere troposphere of the absolute differences in time mean: EKE (m?* s~2), eddy tem-
perature variance (K?), eddy momentum flux (m? s~ 2), and eddy heat flux (K m s~ 2) between the 96 X 96 constrained experiment and the
96 X 96 free experiment, between the halves of the 96 X 96 free experiment, between the 144 X 96 and the 96 X 96 free experiments, and

between the 96 X 96 and the 96 X 72 free experiments.

Validation of the 96 X 96 constrained experiment

EKE [T+ [U*V*] [V#6+]
Expts m?s 2 K? m?s 2 Kms?
96 X 96 constrained-96 X 96 free 6.6 0.8 2.0 0.7
Half 1 96 X 96 free—half 2 96 X 96 free 44 0.4 0.7 0.3
144 X 96 free-96 X 96 free 63.1 7.8 13.6 1.1
96 X 96 free-96 X 72 free 31.9 6.2 12.0 1.0

mean flow, and the waves in turn force these mean flow
changes.

To further understand the role of resolution changes,
we need to cut this eddy-mean flow coupling. To that
end, we will run a series of experiments with varying
resolution in which the zonal-mean zonal wind is held
at the same value. The forcing of the mean flow by
the eddies is then removed, enabling the isolation of the
direct response of the waves to resolution changes. The
design and results of these ‘‘constrained’ experiments
are presented below.

4. Constrained experiments
a. Constrained experiments: Design and validation

The 96 X 96 idealized experiment defined in the pre-
vious section was chosen as a reference state for another
set of simulations with different resolutions. In these
constrained simulations, the zonal-mean zonal wind is
restored toward its time-varying counterpart from the
reference simulation with a time scale of one day, by adding
a term in the zonal momentum equation:

M0 L (1 -l @)

ot

This method, and the restoring time scale 7, was
chosen over other ones with an additional relaxation of
the zonal-mean temperature or meridional wind, or with
relaxation toward the long-term mean. To pick the best
method, we ran sensitivity experiments with relaxation
at the same 96 X 96 resolution, and we validated the
strength of the baroclinic wave sources, their directions
of propagation, the associated heat and momentum
transports, and their temporal variability against the
reference free 96 X 96 experiment. We also checked that
the zonal-mean zonal wind remained very close to the
one from the reference experiment when changing the
resolution.

Table 1 shows the differences in time-mean eddy ki-
netic energy, temperature variance, momentum, and
heat fluxes between the 96 X 96 constrained and free
(reference) experiments. The same differences between
the halves of the 96 X 96 free experiment provide a
measure of the expected noise for comparison. The
values shown are the maxima of the absolute differences
in the Southern Hemisphere troposphere. For each of
the mentioned eddy statistics, the 96 X 96 constrained
experiment is slightly farther from the 96 X 96 free ex-
periment than the weather noise. The same eddy sta-
tistics are also computed in the free experiments for
changes in resolution from 96 X 96 to 144 X 96 or 96 X
72. The maximum in absolute kinetic energy differences
is 5-10 times larger between these couples of free ex-
periments than between the 96 X 96 constrained and
free ones. The difference in temperature variance is 8-
10 times larger and 6-7 times larger for momentum
fluxes. Thus, the error induced by the constraining
method is small compared to the differences in the
baroclinic wave characteristics that we aim at explain-
ing. Only in the eddy heat flux case is the maximum in
absolute differences between the 96 X 96 constrained
and free experiments similar to the one between the
couples of free experiments. This maximum error is lo-
cated at the lowest level of the troposphere in the mid-
latitudes and corresponds to a weakened source of
baroclinic waves in the constrained experiment.

The method was used for six experiments at the res-
olutions of 72 X 72,96 X 72,96 X 96, 144 X 72,144 X 96,
and 144 X 144. All were restored to the 96 X 96 refer-
ence state. To test the robustness of the results pre-
sented below, we also ran additional experiments at the
resolutions of 96 X 72, 96 X 96, and 144 X 96 but in
which the reference state was changed to the zonal-
mean state of the 96 X 72 free experiment, in which the
jet is located equatorward. The results from this second
set of sensitivity experiments agree well with the ones
from the first set, so we will only present the results from
the first set in the following.
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As a result of the strong relaxation, the zonal-mean
zonal wind is almost identical in all the constrained ex-
periments. Any impact of changes of the eddies or mean
meridional circulation with the resolution is canceled by
the restoring term of Eq. (2). The zonal-mean meridio-
nal and vertical circulations are not constrained, and
adjust so that the zonal-mean temperature gradient also
remains close to the reference simulation, thereby
maintaining the thermal wind balance. Thus, we do not
show changes in the jet structure, temperature gradient,
or baroclinicity with resolution for the constrained ex-
periments as they are all very small.

b. Baroclinic wave amplitude

The 240-hPa eddy kinetic energy and 850-hPa eddy
temperature variance in the constrained experiments are
shown on Fig. 4. We can first note that the results are the
same in the 96 X 96 free and constrained experiments,
validating the method. As the positions of the jet and the
maximum temperature gradient do not change in the
constrained experiments, the maxima of BWA do not
move either. As shown in Figs. 5c and 5d, the values of the
maxima both increase with the longitudinal resolution;
however, while they decrease in the free experiments
when the latitudinal resolution increases, they also
increase in the constrained experiments. This suggests
that the decrease in amplitude observed in the free ex-
periments was due to the shift of the jet and reduced
baroclinicity, and not directly to the change in resolution.
The energy of the waves eventually converges above the
144 X 144 resolution.

c. EP cross sections

Toillustrate the changes of behavior of the waves and
their potential influence on the zonal-mean flow, we now
present meridional cross sections of the differences of
the Eliassen—Palm fluxes (Fig. 6) for the same changes of
resolution as shown for the free experiments. We will
show in the next subsections that these examples are
representative of the behavior of the complete set. Both
the differences (blue arrows) and the total field for the
96 X 96 simulation (black arrows) are shown. Note that
the scale is 3 times larger for the black arrows.

When increasing either the latitudinal or longitudinal
resolution, we obtain a large increase in the EP fluxes in
the low troposphere, which corresponds to an intensi-
fication of the baroclinic wave sources. For the increase
in latitude resolution (Fig. 6¢), the differences in EP
fluxes look like an amplification of the total fluxes: the ad-
ditional waves propagate mostly equatorward in the same
way as in the reference simulation, increasing the poleward
momentum transport across the jet. If the relaxation
constraint is removed, the jet moves poleward as a result
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of the increased momentum transport, as it does in the
free experiments. The EP fluxes are then influenced by
changes in the zonal-mean wind and temperature fields,
and the equilibrium response (Fig. 6a) is very different
from the direct response to the resolution change seen in
the constrained experiment.

When the resolution increase is in longitude (Fig. 6d),
there is instead a clear increase in poleward propagation
on the equatorward flank of the jet, between 40° and 45°
south (blue arrows directed left). This gives a weaker
poleward momentum transport across the jet with the
higher resolution, preventing a jet shift. The EP flux
differences in this situation are qualitatively similar to
the ones between the corresponding free experiments
(Fig. 6b), but the intensification of the wave source is
much larger in the constrained experiment. We will see
later that this larger wave source is not sustainable
(section 4e).

d. Generalization to the whole set of experiments

We now check whether the two particular examples
discussed above are really representative of all increases
in resolution. As we will see, the EP flux changes when
increasing the resolution in latitude or in longitude in-
deed behave as in the corresponding example. The ex-
ception is the increase in longitude from 72 X 72 to 96 X
72 points, which has intermediate characteristics, both in
the free and constrained experiments. It is also the only
case in which the jet moves slightly poleward (instead of
equatorward) with increased longitude resolution. The
results for this particular change of resolution are shown
for completeness but are not specifically commented on
here.

Figure 7a shows the difference in the vertical com-
ponent of the Eliassen—Palm flux at the 550-hPa level
between couples of constrained experiments with vary-
ing resolution in latitude (red curves) or in longitude
(blue curves). The position of the jet is noted by a dashed
line. There is a systematic increase of wave activity en-
tering the upper troposphere when increasing the hori-
zontal resolution, strongest equatorward of the jet, and
with an increase in longitudinal resolution.

In the free experiments (Fig. 7¢c), the increase of up-
ward wave activity flux with increased longitude resolu-
tion has a similar profile as the constrained experiments
but with a much reduced amplitude: the heat flux in-
crease in the constrained experiment is not sustainable
(see section 4d). When increasing the resolution in lat-
itude, the wave sources do not increase as in the con-
strained experiments but shift poleward with the jet, and
the differences (in red) consist of a dipole with a de-
crease (increase) in wave activity equatorward (pole-
ward) of the jet.
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FIG. 7. Components of the EP fluxes as a function of latitude for the (top) constrained and (bottom) free exper-
iments. Differences between the pairs of simulations are shown, with an increase of the resolution either in latitude
(red lines) or in longitude (blue lines); the resolution changes and corresponding line styles are identical in each
panel: (a),(c) vertical component at the 550-hPa level (hPa m s 2) and (b),(d) horizontal component averaged be-
tween 100 and 1000 hPa (m* s~ 2). Vertical black dashed line gives the position of the midlatitude jet in the con-

strained experiments.

The changes in the total poleward momentum trans-
port by eddies in the troposphere, given by the hori-
zontal component of the Eliassen—Palm flux integrated
from 100 to 1000 hPa, are shown in Fig. 7b for the
constrained experiments. When the horizontal resolu-
tion increases, there is in all cases an increase in pole-
ward momentum transport peaking in the subtropics. It
appears to be a direct consequence of the increased
wave source immediately poleward, and their ampli-
tudes are indeed related. Another relative maximum

occurs poleward of the jet, between 50 and 60°S. The
most important difference between increases in the res-
olution in latitude or in longitude occurs close to the jet
position: with an increase in latitude there remains an
increased poleward momentum flux across the jet, while
the momentum flux difference becomes equatorward—
or very small—for an increase in longitude. The large
additional wave activity that develops equatorward of
the jet propagates partly poleward, preventing a shift of
the jet.
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In the free experiments (Fig. 7d), the momentum flux
changes with increased resolution in longitude again
look like a lower-amplitude version of their constrained
counterpart, with a reduced poleward flux just equa-
torward of the jet position. The picture is different for
an increase in latitude resolution: there is then a broad
increase in poleward momentum transport throughout
the midlatitudes, consistent with the changes in wave
sources.

The different behaviors seen on the EP flux cross sec-
tions (Fig. 6) thus hold for other increases of the resolu-
tion in latitude or longitude. The upward EP flux always
increases with resolution in the constrained experiments;
however, the resulting changes in momentum flux across
the jet are of opposite signs when the resolution increase
is in latitude or in longitude, explaining the different
movements of the jet. The changes in the waves with an
increase in latitude resolution in the free experiments
are quite different from the direct response with a con-
strained jet; they can thus be understood as a coupled
wave-mean flow response to the jet shift.

e. A self-maintaining jet?

In the constrained experiments, in which the zonal-
mean zonal wind follows the one at the 96 X 96 reso-
lution, the low-level heat flux by the waves increases
with resolution on the equatorward side of the jet, es-
pecially with an increase in longitude. When the waves
propagate away from their source region, this in turn
leads to a strong momentum flux convergence around
35°S (Fig. 7b), which would accelerate the flow. How-
ever, no corresponding change in the zonal-mean wind is
observed in the equivalent unconstrained experiments
at this latitude, which is located between the sub-
tropical and midlatitude jets (Fig. 3). The changes in
EP fluxes are indeed much weaker in the free exper-
iments (Fig. 7d).

An increase in the poleward heat flux would normally
tend to destroy the low-level baroclinicity and therefore
remove the wave source in a negative feedback loop. In
the constrained experiments, the zonal-mean meridio-
nal circulation, which is free to evolve, adjusts to
changes in the heat flux to maintain a temperature gra-
dient in balance with the imposed zonal wind. In a free
atmosphere, the conditions for such a self-maintaining
jet have been described by Robinson (2006), whose
theory is illustrated in Fig. 8a. The crucial condition for
a self-maintaining jet is for the divergence of the EP
fluxes in the upper troposphere to have two minima on
each side of the jet and a relative maximum centered on
the midlatitudinal jet (black curve). In this case, the net
effect of baroclinic waves in the upper troposphere is to
slow down the zonal wind (in purple) to a larger extent
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on the jet wings than in the jet core. A secondary cir-
culation then appears, balancing these effects through
the Coriolis force. The meridional wind is larger on each
side of the jet than at its center (in green), giving by
continuity an ascent (descent) on the pole side (equator
side) of the jet, causing a cooling (warming) in the low
troposphere (in red). The low-level baroclinicity is then
reinforced right at the jet position, helping to maintain
a wave source there.

Figure 8b shows the total divergence of the Eliassen—
Palm fluxes averaged over the 200-500-hPa layer, rep-
resenting the upper troposphere, for each of the six
constrained experiments. Two points can be highlighted
in this figure. First, when the latitudinal resolution in-
creases, the relative maximum in divergence shifts
poleward. It is about 1°-6° poleward in the simulations
with 96 (blue) or 144 (green) latitudinal grid points
compared to the simulations with 72 (red) points in
latitude. Second, in all of the constrained experiments,
a strong minimum is observed on the equator side of the
jet. Thus, a poleward shift in the midlatitudinal jet po-
sition when increasing the latitudinal resolution would
be self-maintaining, while an equatorward shift of the
jet and an acceleration around 35°S would not, accord-
ing to Robinson (2006)’s criteria. Indeed, the increase
in low-level heat fluxes around 35°S is less strong in free
experiments. The increase in upper-level total EP flux
divergence on the pole side of the jet but not on the
equator side of the jet when increasing either the lat-
itudinal or the longitudinal resolution can also be ob-
served on the EP cross sections (Fig. 6).

5. Discussion
a. On the changes in wave behavior

The increase in baroclinic wave amplitude when in-
creasing the horizontal resolution in the idealized ex-
periments has been observed in other models: Wan et al.
(2008) obtained the same result in a similar Held and
Suarez (1994) framework. They suggested that this in-
crease could be explained by the fact that a higher
horizontal resolution is able to resolve motions at
smaller scales and allows for more energetic waves be-
cause of the growth of instabilities.

However, this does not explain the change in the di-
rection of propagation of the waves when increasing the
resolution in longitude. A possibility would be that
a higher resolution in longitude allows to better resolve
higher zonal wavenumbers, which tend to propagate
preferentially poleward and break cyclonically. To test
this hypothesis, we performed a spectral analysis on the
eddy heat and momentum fluxes at each tropospheric
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FIG. 8. (a) Schematic describing the role of secondary circulations induced by baroclinic waves in the self-
maintenance of midlatitudinal jets according to the theory of Robinson (2006). (b) Time-mean total divergence of
the EP fluxes averaged over the 200-500-hPa layer in the constrained experiments. Units: m s ' day ™ '. Vertical
black dashed line gives the position of the midlatitudinal jet.

level in the constrained experiments (not shown). Re-
sults showed that the increase in BWA is always stron-
gest over the dominant wavenumbers 5-7 and do not
exhibit a preference toward higher wavenumbers with
an increase in longitudinal resolution.

Orlanski (2003) obtained a bifurcation from pre-
dominant anticyclonic to predominant cyclonic wave-
breaking in their model when the near-surface baroclinic
development intensifies, as is observed with an increase of
resolution. The increase of the wave sources when in-
creasing the resolution in longitude is also very strong
equatorward of the jet (Fig. 7), perhaps because the zonal
gridpoint size is higher there. These waves then tend to
propagate poleward more than waves originating from
higher latitudes.

These possible mechanisms do not, however, explain
why there is no poleward propagation with an increase
in the resolution in latitude: wave sources also increase
in that case, even if a bit less, and the result is poleward
momentum flux. It is possible that the finer resolu-
tion in latitude favors equatorward propagation and
anticyclonic wavebreaking by allowing high meridio-
nal wavenumbers, as proposed by Held and Phillipps
(1993).

b. Comparison with the full GCM

We can wonder whether the impacts of the horizontal
resolution on the midlatitude circulation diagnosed in
the idealized experiments carry over to the full LMDz
GCM. The results presented in sections 2b and 2c
showed that it does for the changes in the position of
the jet.

1) BAROCLINICITY

Figure 9a shows the mean baroclinicity between 200
and 1000 hPa at the location of the jet computed on the
five coupled experiments described in section 2b as
a function of the longitudinal (latitudinal) resolution in
the top (bottom) panel, with its 95% confidence interval.
When the latitudinal resolution increases, the jet be-
comes more barotropic, which follows the behavior
highlighted in the free idealized experiments. On the
contrary, when the longitudinal resolution increases, the
jet remains at its position in latitude but becomes more
baroclinic, a behavior that was not observed in the ide-
alized experiments. These changes in baroclinicity of the
jet when increasing the horizontal resolution are mainly
due to changes in the upper-troposphere zonal wind (not
shown) and are significant at the 99% level.

2) FERREL CELL

Figure 9b shows that the Ferrel cell seems to strengthen
when the horizontal resolution increases in the IPSL
CM4 coupled model either in latitude or in longitude, if
we except the 96 X 96 to 144 X 96 case. The streamfunction
maximum is larger by 9.1, 13.6,and 20.9 hPa m s~ ' in the
192 X 144 than in the 144 X 144 simulation, in the 144 X
96 than in the 96 X 72 simulation and in the 96 X 96
than in the 96 X 72 simulation, respectively. These
differences are significant at the 90% level (first one)
or 99% level (last two). The strengthening of the
Ferrel cell when increasing the longitudinal resolution
is consistent with the results obtained in the free idealized
experiments. On the contrary, when the latitudinal
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Coupled simulations
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FIG. 9. Coupled simulations: (a) time-mean baroclinicity (s ') averaged between 200 and 1000 hPa at the location
of the jet; (b) strength of the Ferrel cell, defined as the maximum of the zonal-mean meridional streamfunction
(hPa m s™'). Values are plotted as a function of the resolution in longitude (latitude), with dashed lines linking
simulations with the same resolution in latitude (longitude) in top (bottom) panels. The 95% confidence intervals are

given together with the mean value.

resolution increases, the Ferrel cell does not strengthen
in the free idealized experiment (section 3b).

In the idealized experiments, the baroclinic wave
sources increased with the resolution in longitude. The
direct impacts on the zonal-mean state were exactly
compensated in the free experiments by a strengthening
of the Ferrel cell, resulting in no significant change in
temperature gradient or vertical wind shear. Such com-
pensation does not seem to occur in the full coupled
model. Possible reasons could be the interaction with the
ocean, which plays a strong role in setting the low-level
temperature gradient, or the role or moist or other dia-
batic processes in the full atmospheric model. These
processes could also explain the differences between the
idealized and realistic experiments when increasing the
resolution in latitude. However, a complete study is out-
side the scope of this paper.

6. Conclusions

In this study, we aimed to diagnose and understand
the impact of the atmospheric horizontal resolution on
the midlatitude atmospheric circulation in the LMDz
(Hourdin et al. 2006) model, the atmospheric compo-
nent of the IPSL coupled model. The most striking result
is that although the midlatitude jet systematically shifts
poleward when increasing the resolution in latitude, it
does not move or even shift slightly equatorward when
the increase is in longitude. This behavior is observed in
a number of model configurations, from the coupled
climate model to dynamical core simulations following
the Held and Suarez (1994) idealized setup.

To explore further the different impacts of resolution
changes and understand their origin, a series of addi-
tional experiments was conducted in the idealized setup
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in which the zonal-mean zonal wind was constrained to
follow the one obtained in a reference simulation. Below
are the results for an increase of the resolution in lati-
tude and longitude:

1) Latitude—In the constrained experiments, the in-
crease in low-level baroclinic wave source leads to
enhanced poleward momentum transport across
the jet when the waves propagate equatorward. In
the unconstrained experiments, this leads to a pole-
ward shift of the jet and of the associated regions of
low-level baroclinicity and wave sources. However,
the local baroclinicity becomes weaker, resulting in
less energetic waves. The position of the zonal-
mean jet also becomes more variable in time.

2) Longitude—The increase in wave sources at the
surface here is accompanied by a change of their
behavior in the free troposphere, with a stronger
tendency toward poleward propagation, and thus
equatorward momentum transport, around the jet
latitude. A poleward jet shift is thus inhibited, and
the jet tends to remain in place. The larger low-
level meridional heat flux by the waves is offset by
a strengthening of the Ferrel cell, leading to no
change in the baroclinicity.

A uniform increase in resolution leads to more ener-
getic waves and a shift in latitude of the jet, consistent
with previous studies. Our results suggest, however, that
resolution changes in different directions are responsible
for each effect.

An important conclusion of this study for modelers is
the same one reached by Held and Phillipps (1993) in
simulations at much lower resolutions: a grid with en-
hanced resolution in latitude might be better to simulate
the large-scale midlatitude circulation, even at high
resolution (we reached no convergence at resolutions
typical of modern climate models). In the specific case of
a latitude—longitude grid, an optimum could be to take
the same number of points in both directions, giving an
isotropic grid at 60°. The jet keeps moving poleward as
the latitudinal resolution is increased even further, but
the computational cost becomes higher because the time
step then has to decrease to meet the CFL criterion.

Important questions remain, especially regarding the
causes for the changes in the preferential direction of
propagation of the waves: is it due to the particular nu-
merical scheme used in the model or to a more general
property? The answer will require simulations with
different models and well-defined idealized test cases.
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