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ABSTRACT
The convergence of simulations from the Community Atmosphere Model with increasing resolution is determined

in an aqua-planet context. Convergence as a function of scale is considered. Horizontal resolution (T42-T340) and

time step (40-5 min) are varied separately. The simulations are sensitive to both. Global averages do not necessarily

converge with increasing resolution. The zonal average equatorial precipitation shows a strong sensitivity to time step.

Parametrizations should be applied in a range of time steps where such sensitivity is not seen. The larger scales of the

zonal average equatorial precipitation converge with increasing resolution. There is a mass shift from polar to equatorial

regions with increasing resolution with no indication of convergence. The zonal average cloud fraction decreases with

increasing resolution with no indication of convergence. Equatorial wave propagation characteristics converge with

increasing resolution, however a relatively high truncation of T170 is required to capture wavenumbers less than 16.

Extremes are studied in the form of the probability density functions of precipitation. The largest half of the scales of

the model converge for resolutions above T85.

1. Introduction

For some time at least one journal in computational fluid dy-
namics (CFD) has required that acceptable papers reporting nu-
merical solutions consider systematic truncation error testing
and accuracy estimation (Roache et al., 1986). The policy was
reaffirmed more recently (Freitas, 1993). While acknowledging
that no standard method for evaluating numerical uncertainty
is accepted by the CFD community, Freitas (1993) presented
a list of guidelines which included, among others, the state-
ment that solutions should be presented over a range of different
grid resolutions to demonstrate grid-convergent results. Climate
modelling groups have generally avoided explicitly addressing
the question of convergence of simulations. Studies of the ef-
fect of increased resolution generally base their conclusions on
comparisons of the simulated climate with the observed atmo-
spheric climate, as opposed to explicitly addressing the issue
of convergence. Recent studies of this nature include Stratton
(1999), Roeckner et al. (2006) and Hack et al. (2006), which
also provide references to much of the past work in this area.
Climate model resolution studies traditionally start with a model
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that was intensively developed at a low or modest resolution
with the goal of producing the closest fit attainable to observed
climate statistics. This simulated climate is then compared to
those produced by higher resolution versions which received
only modest additional efforts at tuning adjustable constants in
the parametrizations. Often in these studies, higher resolution
has not resulted in a ‘better’ solution by the measure of climate
fidelity, which is counterintuitive to the computational fluid dy-
namics community.

This raises the question: Do simulations from Atmospheric
General Circulation Models (AGCMs) converge with increasing
horizontal resolution? Pope and Stratton (2002) have considered
this question of model convergence and changes in systematic
errors. As the term systematic errors implies, they concentrated
on convergence in terms of comparison with observed statistics.
They provide an excellent summary of the past work in this area.
Included in the more general question of convergence above is
the question: Are the larger scales affected by the addition of
smaller scales in the model, or does increasing the resolution
simply add finer scales to the simulation? This issue is com-
pounded by the fact that in the common atmospheric modelling
approach to increasing resolution, finer scales are added to the
forcing by including finer scales in the orography. However,
even if the surface orography were held fixed, there is an al-
most discontinuous surface forcing introduced at the boundaries

Tellus 60A (2008), 5



CONVERGENCE OF AQUA-PLANET SIMULATIONS 849

between land, ocean and sea-ice which implies forcing of the
small scales at or near the truncation limit. Such a continual
introduction of smaller scales to the forcing might prevent
convergence. A related question is: If the models converge,
do they converge to the same large-scale statistical state
with different dynamic cores or with different parametrization
packages.

A more fundamental question is: Should simulations con-
verge? After all, AGCMs are partitioned into two distinct com-
ponents, a resolved fluid flow component which is approximated
numerically and generally referred to as the dynamic core, and an
unresolved component which is parametrized as functions of the
resolved scales provided by the dynamic core. This parametrized
component provides the forcing of the dynamic core which leads
to a statistical climate equilibrium. One hopes that simulations
should converge, at least for the large, resolved scales which
are a forced fluid dynamics problem. Otherwise it is not a well
posed modelling problem, or we do not formulate it in a well
posed way.

Are there reasons to believe simulations if they do not con-
verge? If models do not converge does it follow that they are
incorrect? The term correct implying that they produce the right
statistics for the situation being modelled by the right combina-
tion of processes. The common assumption would be ‘yes’ for
the second question. It seems unlikely that one would luckily
choose the one resolution that gives the correct answer while
finer and coarser resolutions give incorrect answers. Of course
the opposite is not necessarily true, that is, if a model converges
it is not necessarily correct. However, one would have more con-
fidence in the results if multiple schemes (both dynamic cores
and parametrization suites) converged to the same statistical
states.

How should convergence be defined? As mentioned above,
the convergence sequence in atmospheric modelling always adds
finer scales in the representation of the solution, and usually to
the external forcing as well. In the atmosphere the amplitude
of many fields decreases with decreasing scale, but they do so
relatively smoothly. There is no spectral gap which would allow
a clean separation of resolved and unresolved scales. Looked at
from the other perspective should convergence be defined as a
function of scale? In other words, do the the large-scales con-
verge? Do coarser resolution models match the coarser scales
of finer resolution models? Should we just examine the con-
vergence of ‘large’ scales? In fact, should the smaller scales
near the truncation limit at any resolution be believed? The lin-
ear response functions of finite difference operators applied in
the dynamic component show that the smallest scales are in
general not well approximated in both phase and amplitude.
Spectral models are accurate at all scales in linear problems, but
the non-linear interactions of the smallest scales are not prop-
erly represented. These are some of the questions considered
in this paper. To do so we consider only a selection of climate
statistics.
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2. Experimental basis

The question of concern in this paper is the convergence with
increasing resolution to a statistical climate equilibrium of the
forced, dissipative system. There are indications that the basic
numerical methods of the dynamic cores do converge for short
term deterministic tests. In fact, scheme developers often study
the convergence properties of their schemes when applied to
standard tests such as those for the shallow water equations of
Williamson et al. (1992). Recent examples of such studies in-
clude Layton and Spotz (2003), Giraldo et al. (2003), Giraldo
and Rosmond (2004) and Nair et al. (2005). In general numeri-
cal schemes do converge with such tests, the tests being rather
large-scale and deterministic. In fact, lack of convergence gen-
erally rules out a scheme from further consideration. There are
also indications that dynamic cores applied to idealized unstable
flows converge with increasing resolution to within an uncer-
tainty which is unavoidable in an unstable system (Jablonowski
and Williamson, 2006a, 2006b).

As mentioned above, a complication in considering the con-
vergence of AGCMs with increasing resolution is that, in
their traditional application, the forcing scales decrease with
increased resolution, for example, orography and underlying
surface types. To avoid this complication we consider a sim-
pler scenario in which the scale of the external surface forc-
ing is fixed—an aqua-planet. The aqua-planet is covered with
water and has no mountains, land or sea-ice. The sea surface
temperatures (SST) are specified, usually with rather simple
geometries such as zonal symmetry as in our case. The aqua-
planet approach includes the full complexity of the atmospheric
model including the parametrization suite, but simplifies the
lower boundary exchange by defining a less complex surface.
A diurnal cycle in radiation is included with the sun remaining
over the equator. Specified radiative gasses such as ozone are
symmetrized about the equator as is the SST so the climate is
expected to be symmetric about the equator. Our experiments
are all based on the ‘CONTROL’ case of Neale and Hoskins
(2000) which is also a scenario in the Aqua Planet Experiment
(APE) (http://www.met.reading.ac.uk/~mike/APE/). The spec-
ified SST in °C is given by 27[1 — sin? (3¢/2)] for latitude ¢
between /3 and O elsewhere. This field is well represented
by the lowest spectral resolution we consider. The maximum
difference between the field truncated to T42 and the analytic
field is the order of 0.0005 K giving about 5 digits of agreement.

Since there is no land—sea contrast, no mountains and no lon-
gitudinal variation in the SST, there is no forced component of
the solutions, and the climate consists primarily of free motions.
The ‘correct’ solutions of aqua-planet tests are not known. Nev-
ertheless, it does appear to be a simpler environment to examine
the convergence issue, perhaps providing a necessary condition.
If convergence is not found there is no reason to expect the
free motions of the normal AGCM to converge, even if a forced
component does.
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3. Model description

The AGCM used here is the Community Atmosphere Model
Version 3 (CAM3) developed as the atmospheric component of
the Community Climate System Model (CCSM3) in which it is
coupled to active ocean, land and sea-ice models (Collins et al.,
2006a). An overview of the CAM3 is provided by Collins
et al. (2006b) and a complete technical description by Collins
et al. (2004). The default dynamic core, which is used here, is
based on the Eulerian spectral transform method (Machenhauer,
1979). The truncations considered are T42, T85, T170 and T340
with transform grids of approximately 2.8°, 1.4°, 0.7° and 0.35°,
respectively. We do not vary the vertical resolution since the
CAM3 parametrization suite is known to be very sensitive to
the vertical resolution. We use the 26-level vertical grid of the
standard configuration. The V* diffusion coefficients are set at
1.0 x 10'%, 1.0 x 10'%, 1.5 x 10 and 2.25 x 10" m*s~! for the
T42, T85, T170 and T340 truncations, respectively. These are
the standard values used in the CAM3 for the lower resolutions.
The values for all resolutions were determined experimentally
with the model configured for atmospheric simulations, as op-
posed to aqua-planet simulations, so that in the mid to upper
troposphere the kinetic energy spectra have reasonably straight
tails for each resolution. Boville (1991) describes the approach.
The two-dimensional spectra are shown in Fig. 1. Except for a
small upturn at the ends, the spectra all have a slope close to —3,
and lie very close to each other. The damping time scales at each
truncation limit are 14.0, 8.6, 3.6 and 1.5 h for the T42, T8S,
T170 and T340, respectively. Note that these damping timescales
decrease with increasing resolution. We have also repeated T42
and T85 simulations with a more scale selective V® damping. It
had negligible impact on the fields described in the following as
will be mentioned in passing in the relevant discussions.

The simulations start from a state taken from a previous aqua-
planet simulation, possibly interpolated from a different resolu-

T T T L | T

— T42
— T85

T170
— T340 ]

vl 1o

10

E
3

ol coad v vod vl

0' 102

SPHERICAL WAVENUMBER (n)

10-5 ol L
1

[=]
°

Fig. 1. Kinetic energy spectra AT 250 mb as a function of
two-dimensional wavenumber for the T42, T85, T170 and T340
aqua-planet simulations. The straight line has a k= slope.

tion, and are run for 14 months. The analyses are over the last
12 months. When starting from a closely related aqua-planet
state, the model transitions to its own aqua-planet climate in less
than 2 months. We have run a few lower resolution aqua-planet
experiments longer and established that 12 month samples are
adequate for the statistics considered here, although we do not
perform statistical significance testing in this paper. The high-
est resolution simulations were too expensive to run longer to
allow that. Of course, the use of 12 month samples excludes the
consideration of low frequency variability.

4. Example of resolution sensitivity

As mentioned above, studies of the effect of increased resolu-
tion in climate models are traditionally based on comparisons of
the simulated climates of tuned models at different resolutions
with the observed climate. We first consider such a compari-
son of tuned models, but without inclusion of observed values
since the climate of the aqua-planet is not known. The models
were tuned with regard to atmospheric simulations as described
in the introduction, but applied here to the aqua-planet scenario.
Figure 2a shows the time averaged, zonal averaged total precipi-
tation produced by the default T42 and T85 released versions of
CAM3. The precipitation is highly sensitive to ‘resolution’, with
the peak tropical T85 values being nearly 50% larger than the
T42 values. Both resolutions show double maxima separated by
a minimum over two grid points, one on each side of the equa-
tor. The exact cause of the equatorial minimum precipitation
occurring over the maximum in SST remains a modelling mys-
tery. Williamson and Olson (2003) studied its dependence on
time step and offered an explanation for that dependency while
Williamson (2008) indicates a sensitivity to dynamic core. How-
ever the exact cause of the formation of a double versus single
equatorial structure is not understood. Very little sensitivity is
seen in the precipitation in mid to high latitudes. The ‘resolu-
tion’ change in this comparison actually consists of a number
of changes which are easily isolated in a spectral transform
model. One possible sequence of these changes, going from
lower to higher resolution is: (1) reduction of time step required
to maintain computational stability at the higher resolution, (2)
reduction in grid interval, (3) increase in spectral truncation
wavenumber consistent with the reduction in grid interval, (4)
decrease in horizontal diffusion often scaled to keep the damp-
ing of the smallest resolved waves the same and (5) change
in adjustable constants associated with different tuning of the
parametrization suite for the two resolutions. The running ac-
cumulation of this sequence of changes is shown in Figs. 2b—f.
Figure 2b shows the effect of the decreasing the time step from
the T42 value (40 min) to the T85 (20 min), but maintaining
all other aspects as in the standard T42 model. The time steps
listed here are those over which the parametrizations are applied
and correspond to the centred 2Ar of the Eulerian spectral trans-
form dynamic core. The minimum in precipitation at the equator
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Fig. 2. Time averaged, zonal averaged precipitation from (a) default T42 and T85 CAM3, (b) T42 with At = 40 and 20 min, (c) T42, At = 20 min
on T42 and T85 grids, (d) At = 20 min, T85 grid with T42 and T85 truncation, (e) At = 20 min, T85 grid, T85 truncation with T42 and T85
diffusion and (f) At = 20 min, T85 grid, T85 truncation and diffusion with T42 and T85 tuned adjustable constants.

in the standard T42 simulation is largely eliminated, while the
peaks just off the equator are hardly changed. Williamson and
Olson (2003) discuss the dependence of precipitation on the time
step in the Community Climate Model (CCM3), a predecessor
of CAM3. The behaviour here in CAM3 is similar. Figure 2c
shows the effect of decreasing the grid interval from the T42
quadratic grid to the T85 grid while maintaining the T42 trun-
cation and T85 time step. There is an increase in the maximum
precipitation off the equator and decrease in the equatorial min-
imum. Figure 2d shows the effect of increasing the truncation
to T85, maintaining the T85 time step and grid. The maximum
off-equator values increase further. Figure 2e shows the effect
of decreasing the diffusion coefficient from the standard T42
value to the standard T85 value, maintaining the T85 time step,
grid and truncation. The maximum off-equator values increase
even further. Finally, Fig. 2f shows the effect of changing the
adjustable constants in the parametrization suite from those of
the tuned T42 model to those of the tuned T85. Here the over-
all equatorial precipitation increases. Figure 2 shows that each
aspect of the ‘resolution’ change has a rather modest effect, but
accumulated they give the large change seen in Fig. 2a.

In this paper, we consider the convergence of the dynamic
core with increasing resolution. Therefore, in the following we
do not change the adjustable constants in the parametrization
suite since such changes might confuse any basic dynamic core
convergence signal. All subsequent experiments use the stan-
dard T85 values of the adjustable constants in the parametriza-
tion suite. Unlike with the spectral transform formulation, in
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many numerical approximations it is not obvious how to sepa-
rate the grid resolution, effective truncation and diffusion from
each other. For example, in grid-point based approximations, the
truncation is often locked to the grid interval, and the numerical
approximations often include an inherent diffusive component.
Therefore, we combine these effects here, that is, grid, trunca-
tion and diffusion, and refer to that combination as resolution.
We consider the time step size separately.

5. Global averages

We first consider the convergence of global averages of a few
variables as the time step decreases and the resolution increases.
Table 1 lists the time averaged, global averaged precipitable
water for T42, T85, T170 and T340 truncations and 40, 20, 10
and 5 min time steps. The spectral transform model uses centred
time differencing and the parametrizations are calculated over

Table 1. Time average, global average precipitable

water (mm)

At 40 20 10 5
T42 19.57 19.88 20.03 20.21
T85 19.39 19.54 19.63
T170 19.18 19.13
T340 18.75
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a 2At centred interval. We refer to that centred interval here as
the time step We note that the corresponding time steps for the
spectral model are traditionally listed as Ar = 20, 10, 5 and
2.5 min for T42, T85, T170 and T340 truncations, respectively.
We prefer to use the parametrization interval since the time step
sensitivity to be examined next is due to the parametrizations,
not the dynamic core, and it will make for clearer comparisons
with two-time-level schemes elsewhere (Williamson, 2008). In
the tables and following figures not all time steps are included for
all horizontal resolutions; the longer ones are excluded with the
higher resolutions where the dynamic core is computationally
unstable. The CAM spectral transform model requires that the
parametrizations use the same centred time step as the dynamic
core.

Table 1 shows that at the lower resolutions, T42 and T8S5,
the global average precipitable water increases with decreasing
time step. The increase is slightly less for T85 than for T42
over the same time step range. The increase is relatively small,
being around 1% for the T85 model. The T170 shows a slight
decrease in precipitable water for time step decreasing from 10
to 5 min. There is a much stronger variation with resolution.
With the 5 min time step, the precipitable water decreases by
around 7.5% from T42 to T340. The change for a doubling of
resolution decreases with increasing resolution. With regard to
an overall signal, the change in precipitable water with time step
is in the opposite sense as the change with resolution. That is,
normally the time step decreases as the resolution is increased to
maintain computational stability, following the diagonal in the
Table rather than a row or column. In that case the two effects
partially cancel. However for precipitable water the time step
signal is weaker and the resolution signal dominates.

The time averaged, global averaged total precipitation and
its convective and stable components are summarized in

Table 2. Time average, global average precipitation (mmd~")

At 40 20 10 5

Total precipitation

T42 2.74 2.78 2.79 2.82
T85 2.94 2.96 2.97
T170 3.06 3.06
T340 3.11
Convective precipitation
T42 1.85 1.80 1.74 1.71
T85 1.76 1.66 1.59
T170 1.55 1.44
T340 1.36
Stable precipitation
T42 0.89 0.98 1.05 1.11
T85 1.17 1.30 1.38
T170 1.51 1.62
T340 1.75

Table 2. The total precipitation increases slightly with decreasing
time step at the lower resolutions but shows no change at T170.
The precipitation increases with increasing resolution. Here the
change with time step is in the same sense as the change with
resolution, and the two would combine in a traditional resolution
change. The resolution signal is greater than the time step signal.
Although not shown in the table, the global average clouds de-
crease at all levels with increasing resolution. Thus the long- and
short-wave cloud forcing both decrease in magnitude and the net
surface long wave and solar fluxes increase in magnitude. The
solar increases more than the long wave leading to the increase
in latent heat flux and a very slight increase in sensible heat flux.
The clear sky fluxes show little variation with resolution so the
change in precipitable water is not playing a role. Table 2 shows
that the convective precipitation decreases with increasing time
step and with increasing resolution while the stable increases
with both changes. Again the changes are greater with resolu-
tion than with time step, and the change with time step is in the
same sense as the change with resolution. Thus the two effects
combine to yield a stronger signal.

There is no indication that either precipitable water or precipi-
tation has converged by T340. For fixed time step, the differences
between adjacent resolutions are decreasing approaching the
highest resolution but they have not reached zero. Note also that
the convective precipitation decreases and the stable increases
with increasing resolution. The stable variation is stronger than
the convective leading to the increase in the total with decreas-
ing time step and increasing resolution. Generally, people accept
this change in the partition between convective and stable, ar-
guing that more of the precipitation is explicitly resolved with
increased resolution and therefore treated as stable. However,
perhaps this collective wisdom should be challenged. Convec-
tive precipitation is usually thought to occur on scales even
smaller than T340 and these are not resolved in any of these
simulations. In addition, the stable precipitation is parametrized
as a different mechanism.

6. Zonal averages

We continue to analyse precipitation by now considering the
zonal average in the tropics which is shown in Figs. 3a—c for
resolutions T42, T85 and T170 as a function of time step. The
T42 simulations (Fig. 3a) show an increase in the equatorial
precipitation with decreasing time step, with the maxima almost
doubling from the longest to the shortest time step. Most of the
change occurs from 40 to 10 min, with only a small additional
change from 10 to 5 min. The shape changes from a tendency
to form a double maxima with the longest time step to single
maxima at shorter time steps. This property has been discussed
by Williamson and Olson (2003). The T85 simulations (Fig. 3b)
also show a large increase going from 20 to 10 min, again with
a smaller increase from 10 to 5 min. It also shows the shape
change from the longest to the shorter time steps. The T170
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Fig. 3. Time averaged, zonal averaged precipitation from (a) T42 with At = 40, 20, 10 and 5 min; (b) T85 with Ar = 20, 10 and 5 min; (c) T170
with At = 10 and 5 min; (d) T42, T85, T170 and T340 with At =5 min and (e) T42, T85, T170 and T340 with At =5 min averaged to 5° grid.

simulation (Fig. 3c) shows a relatively small change going from
10 to 5 min. With the shortest time steps, the simulations do
appear to be converging at each resolution in that the differences
are getting smaller, but convergence has not been reached at the
5 min time step.

Figure 3d shows the tropical precipitation as a function of
horizontal resolution with the 5 min time step. The variation
with resolution is smaller than the variation with time step. The
maxima increase from T42 to T85 to T170, then decrease to
T340. The actual peak becomes narrower with increasing reso-
lution so some of this variation may be due to the smaller scales
which are included in the higher resolution representations. Fig-
ure 3e shows the precipitation when the values in Fig. 3d are
conservatively averaged to a common 5° grid. Here there is a
slight variation from T42 to T170 with the T170 and T340 values
matching. Perhaps the larger scales in the tropics have converged
when the time step sensitivity is excluded. One can just make
out a variation with resolution in the minima on the flanks of
the maxima. This, along with variation in the mid latitudes is
responsible for the variation in the global averages seen earlier.

We now consider the convergence of the large-scale compo-
nent of the zonal average for two other fields, excluding the
time step sensitivity. Figure 4 shows the time averaged, zonal
averaged surface pressure for T42, T85, T70 and T340 for the
total field, and for a few selected latitudinal modes, all with the
5 min time step. Since the forcing and resulting zonal averages
are symmetric about the equator, the two hemispheres are av-
eraged to reduce the sampling variability slightly. The figures
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therefore just show the pole to equator domain. Since the zonal
average is taken the modes are symmetric associated Legendre
functions (P!') with zonal wavenumber m = 0. The total field is
shown top, left-hand panel. This panel indicates a shift in the at-
mospheric mass from polar to equatorial regions with increasing
resolution. The mean, n = 0, is not shown. The model conserves
the dry mass of the atmosphere by design so any variation in
the mean of surface pressure is due to the variation in precip-
itable water discussed above in Section 5. That variation is small
enough to not be distinguishable when plotted with the ordinate
range used in the graphs of Fig. 4. The first symmetric component
(n = 2) is shown top, centre. A portion of the mass shift is in this
largest scale. The remainder is in the next mode (n = 4) shown
top, right-hand side. The antisymmetric modes average to zero
for the hemispheric presentation. However, their amplitudes are
negligible when the hemispheres are considered separately, as
expected. The next higher mode (n = 6) is shown bottom left-
hand side. Here there is only a small variation with resolution.
Note that all panels in Fig. 4 have the same ordinate range of
40 mb. The next pair of modes, n = 8 and 10 (bottom centre
panel), also have only a small variation with resolution, while
the remaining modes, n = 12 through the truncation limit (bot-
tom, right-hand panel) show no variation. Thus the mass shift is
represented by the two largest symmetric modes, n = 2 and 4,
and these largest scales show no sign of convergence. There is a
possibly that the mass shift is due to a very small but systematic
tendency introduced by the mass fixer that is included in the
model (Collins et al., 2004). An experiment with the mass fixer
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Fig. 4. Time averaged, zonal averaged surface pressure for T42, T85, T170 and T340 with A¢ = 5 min, total and for specified symmetric spherical
harmonics (P}}), m = 0: n=2; n =4; n = 6; n = 8 and 10; and n = 12 through the truncation limits.

turned off (not shown) indicates that this is not the case. The
mass shift is associated with increasing poleward transport of
angular momentum with resolution, driving both stronger mid-
latitude westerly winds and easterly trade winds (not shown).

The jet core itself, which forms around 30° latitude, becomes
weaker with increasing resolution.

Figure 5 shows the time averaged, zonal averaged cloud frac-
tion for T42, T8S5, T70 and T340 all with 5 min time step for
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Fig. 5. Time averaged, zonal averaged cloud fraction for T42, T85, T170 and T340 with A¢ = 5 min, total and for specified symmetric spherical
harmonics (P}}), m = 0: n = 0; n = 2; n = 4; n = 6 and n = 8 through the truncation limits.
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selected latitudinal modes. We note that surface pressure (p;)
discussed above is spatially smoothly varying and analysis of
spectrally truncated components is natural, even though (In p;)
rather than p; is the spectrally represented prognostic variable.
Instantaneous cloud fraction values are discontinuous and there-
fore not amenable to spectral truncation. However the time av-
erage, zonal average field is reasonably smoothly varying and
examination of spectrally truncated states is reasonable and in-
formative. Figure 5 upper left-hand side shows the total zonal
average. A strong resolution signal is seen which is primarily
in the global average (n = 0), shown top centre. The decrease
with resolution appears to be the largest between the two highest
resolutions which is opposite what one would see if the fields
were converging with increasing resolution. The first (n = 2),
second (n = 4) and third (n = 6) symmetric modes show a rela-
tively small variation with resolution. Again, the antisymmetric
modes are zero in the hemispheric average, but their amplitudes
are actually negligible. Note that the range of the ordinate for
the untruncated and n = 0 graphs (0.8) is twice that of the other
panels, which are all the same (0.4). In the polar region these
modes tend to have the same signal with resolution, adding min-
imally to the variation there, although the variations for some of
the bands are not monotonic over the full range of resolutions.
The remaining modes, lower right-hand side, (n = 8 through the
truncation limit) show some variation in the smaller scales at the
equator and on the flanks of the ascending branch of the Hadley
cell.

7. Equatorial wave propagation

‘We now consider the equatorial wave propagation characteristics
of the simulations via wavenumber-frequency diagrams follow-
ing the spectral analysis methodology of Wheeler and Kiladis
(1999). Figure 6 shows the log of the power of the symmet-
ric component of the unnormalized spectra of the precipitation
averaged from 10°S to 10°N. We plot the full power without re-
moving a background spectrum in order to allow a comparison
of the overall power of the waves. Normalization by a smooth
background field such as done by Wheeler and Kiladis isolates
spectral peaks that are often associated with specific normal
modes or waves, but since the normalization is done individu-
ally for each model, the overall resolution signal associated with
the power is contained in the background spectrum. Figure 6
includes the conventional dispersion curves (unlabeled) for
odd meridional mode-numbered equatorial waves for equiva-
lent depths of 12, 25 and 50 m (see Wheeler and Kiladis, 1999).
The curves in the upper half of the plots show westward and
eastward propagating inertio-gravity waves. The diagonal lines
from bottom centre to the right-hand side are the eastward prop-
agating Kelvin modes and the lower curves to the left-hand
side are the westward propagating equatorial Rossby waves.
The period decreases with increasing equivalent depth in each
set.
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The left-hand column of Fig. 6, top to bottom, shows the
power from the T42 simulations with 40, 20, 10 and 5 min
parametrization time steps. The right-hand column shows the
power from the T85 simulations with 20, 10 and 5 min time
steps. The T42, 40 min time step simulation (top left-hand side)
shows a belt of increased power above the 50m equivalent depth
Kelvin mode line. In general the power in this belt decreases
with decreasing time step. There is an isolated eastward prop-
agating wavenumber six peak with period between 6 and 10 d.
This is independent of time step. Overall, the power in the lower
frequencies tends to increase with decreasing time step. There
is a very low frequency eastward propagating wavenumber five
component with period longer than 30 d. The amplitude of this
feature varies greatly in very long runs. Thus the 1-yr sam-
ples used here are too short to allow comparison of the am-
plitude of this feature. This low frequency, wavenumber five
variability is discussed by Watanabe (2005, 2007) and Cash
et al. (2007). The T85 simulations also show a general increase
of the power in the lower frequencies with decreasing time step.
The isolated wavenumber six peak with period between 6 and
10 d is visible with the 20 min parametrization time step but gets
swamped by the overall increase of power with decreasing time
step.

The left-hand column, top to bottom, of Fig. 7 shows the
power as a function of resolution from T42 to T340 for the
experiments with the 5 min parametrization time step. The power
of both eastward and westward propagating waves increases
with increasing resolution, most noticeably from T42 to T8S,
but from T85 to T170 as well. The power of the T340 looks
quite similar to that of T170, perhaps indicating convergence,
at least to within the noise attributable to the relatively short
samples in the analyses. There is a significant increase in power
going from T42 to T8S at all periods and wavenumbers. The
belt of increased power associated with Kelvin modes seen in
T42 is not as notable in T85, nor is the isolated wavenumber
six feature. Comparing T170 power with that of T85 shows an
increase in power along the 25 m equivalent depth Kelvin mode
line.

The T85 and higher resolutions also show a block of power
covering wavenumber 0 and eastward propagating wavenumbers
1 and 2 with period between 15 and 30 d which is missing from
the T42. Power in this region of the plot, but with periods longer
than 30 d, is associated with the MJO. However higher wavenum-
bers usually show power as well. These higher wavenumbers in
the atmospheric analysis may be a result of geographical forcing
and restriction associated with land—sea contrasts not present on
the aqua planet. Atmospheric simulations with CAM3 develop
a weak MJO with shorter than observed period.

The right-hand column, top to bottom, of Fig. 7 shows the
ratios of the log of powers of the T42, T85 and T170 to the log of
power of the T340. Note that the log of the power of the total field
is negative because of the units of the original field. Thus higher
power actually has a smaller magnitude. Thus for Fig. 7 the
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so that values of the ratio that are less than one imply less power
in the lower resolution and values greater than one imply more
power in the lower resolution. Overall, the ratio is near one
with the T170, implying convergence. Thus a relatively high
resolution of T170 is required to capture the propagating waves
with wavenumbers less than 16. As mentioned earlier, we also
performed T42 and T85 calculations with V¢ diffusion instead
of the standard V*. Plots from these runs show no significant
differences with the corresponding ones of the standard model
in Fig. 7.
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with At =20, 10 and 5 min.

8. Probability density function of precipitation

The probability density function provides information about the
extremes simulated by the model. In this section we consider
the probability density function of 6-h averaged precipitation in
the equatorial region calculated from all grid points between
10°S and 10°N. Figure 8 shows pairs of plots; the left ones giving
the fraction of the time the precipitation is in each 1 mm d~!
bin ranging from 0 to 120 mmd~!, the right ones giving the
fraction of the time the precipitation is in each 10 mmd~" bin
ranging from 0 to 1200 mmd~"!. In each plot the left-most bin
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is the fraction of the time the precipitation is exactly O (there
is no negative precipitation in these simulations), and the right-
most bin the fraction of time the precipitation exceeds 120 or
1200 mm d~!. The distributions as a function of time step from
the T42, T85 and T170 simulations are shown in the first, second
and third rows, respectively, of the figure. With all resolutions
there is an increase in the probability of larger precipitation with
decreasing time step. Perhaps each resolution is converging to
its own value since the two shortest time steps are relatively
close to each other for both the T42 and the T85 simulations. A
third T170 simulation with 2.5 min time step would be needed
to confirm convergence of T170.

The bottom row in Fig. 8 shows the sensitivity to resolution
from T42 to T340 for 5 min time step simulations. We note
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that plots from T42 and T85 simulations with V° diffusion (not
shown) are very similar to corresponding ones in Fig. 8. There
is a slight sensitivity at the highest precipitation rates but the
differences are negligible compared to the differences between
resolutions. Figure 8 shows that the probability of larger precip-
itation increases with increasing resolution with no indication
of convergence. However, the figure does suggest convergence
up to a certain fraction of the upper limit of precipitation at
each resolution. The curves diverge from the T340 at increas-
ing precipitation rates as resolution increases. The increasing
probability with increasing resolution may be due to the in-
clusion of smaller scales in the higher resolution simulations.
Figure 9 examines this possibility. The panels show the prob-
abilities when the precipitation is conservatively averaged to
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larger scales before calculating the distribution. The averaging
is done in grid space but we will refer to the scale by the spectral
truncation normally associated with each grid. Consider first
the pair in the second row. These show the probability when
the precipitation is averaged to T42 scales. Here the T85, T170
and T340 simulations are all rather similar to each other, but

mm/day

T85, T170 and T340 with At = 5 min.

markedly different from the T42. This implies convergence at
T85 and that the model with T8S truncation is required to capture
the larger T42 scales. The pair in the third row shows the proba-
bility when the precipitation is averaged to T85 scales. Now the
T170 and T340 are similar to each other, but markedly different
from the T85. This implies that the model with T170 resolution
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is required to capture the T85 scales. The pair in the bottom convergence of the T170 scales. This analysis implies that ex-

row shows the precipitation averaged to T170 scales. The T340 tremes should be analysed on spatial scales larger than double the
remains different from the T170, implying that, similar to the sit- truncation limit of these models. The smallest half of the scales
uation at lower resolutions, the T170 truncation does not capture should not be included. The pair in the upper row, however, indi-
the T170 scales. We cannot conclude that T340 does since we cates that this conclusion holds for T85 and higher resolutions,
do not have a higher resolution simulation which might indicate but not for T42 and, by implication, lower. This pair shows the
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precipitation averaged to T21 scales. We do not have a T21
simulation, but even the T42 simulation does not capture the
T21 scales. It remains different from the T85, T170 and T340
which are all rather similar. Thus a model with T85 truncation
is required to capture the T21 scales, and T42 truncation is not
adequate.

9. Conclusions

We have considered the convergence of simulations with in-
creasing horizontal resolution. The study is based on an Aqua
Planet Experiment (APE) using the ‘CONTROL’ case defined by
Neale and Hoskins (2000). The aqua-planet approach includes
the full complexity of the atmospheric model including the com-
plete parametrization suite, but simplifies the lower boundary
exchange by specifying the temperature of a water covered sur-
face. The experiments here specify the sea surface temperature
to be zonally symmetric with a meridional distribution that is
well resolved by a T42 spectral truncation, the lowest resolu-
tion considered. Since the aqua-planet has no land—sea contrast,
no mountains and, in our case, no longitudinal variation in the
SST, there is no forced asymmetric component in the solutions.
The climate produced by such a scenario consists primarily of
free motions. The model used is the Eulerian spectral transform
based Community Atmosphere Model, CAM3 (Collins et al.,
2004, 2006b)

We first mimicked a typical resolution study by comparing
the time averaged, zonal averaged precipitation from the tuned
T42 version of the model with that from the tuned T85 version.
This ‘resolution’ change was further partitioned into a sequence
of changes from lower to higher resolution: (1) reduction of time
step from T42 to T85 value, (2) reduction in grid interval from
T42 to T85 value, (3) increase in spectral truncation from T42 to
T85, (4) decrease in horizontal diffusion from T42 to T85 value
and (5) change in adjustable constants in the parametrizations
from tuned T42 values to tuned T85 values of the standard,
released model. Each member of this sequence is responsible
for a rather modest change. However, they are all in the same
direction and they accumulate to give a rather large change in
the zonal averaged precipitation in the equatorial region.

Since in this paper we are primarily interested in the ques-
tion of convergence with increasing resolution of dynamic cores
coupled to a parametrization suite, in all other experiments we
do not change the adjustable constants in the parametrization
suite and set them to the standard T85 model values for all
model resolutions. This avoids folding tuning sensitivities into
the mix, but also can lead to some suboptimal aspects of the cli-
mate. One could also apply the parametrizations to coarser scales
than those of the dynamics as proposed by Lander and Hoskins
(1997) or consider the convergence of the system when the scale
of the parametrizations is held fixed as in Williamson (1999).
Such approaches are complementary to the approach considered
here, which is closer to typical climate models. Such other con-

vergence strategies should be considered as well as they might
provide different insights into the convergence issue. In addition
to holding the adjustable constants fixed we consider the time
step and the horizontal resolution components separately. Under
horizontal resolution we combine the grid, truncation and diffu-
sion aspects since with many numerical approximations it is not
obvious how to isolate these individual components.

With many explicit numerical schemes the time step and the
horizontal resolution are coupled by a computational stability
condition. As the resolution is increased the time step must be
decreased. Models are normally run with the longest time step
feasible for economical reasons. Here we compare simulations
from the spectral transform CAM3 with T42, T85, T170 and
T340 truncations. The time steps At normally applied at these
resolutions are 20, 10, 5 and 2.5 min, respectively. Previous
experience (Williamson and Olson, 2003) indicated that the time
step of the dynamic core does not affect atmospheric simulations,
but the time step over which the parametrizations are calculated
does. Therefore, in this paper we refer to the centred 2Az time
steps (40, 20, 10 and 5 min) over which the parametrizations are
applied, rather than the nominal time step of the dynamic core.
This is intended to prevent confusion in additional studies which
use two-time-level approximations rather than the centred three-
time-level used here. For each spectral truncation, simulations
are made with each shorter time step in this list for which that
resolution is stable.

In general, the simulations show a sensitivity to the
parametrization time step as well as to the horizontal resolu-
tion. For most statistics considered here these sensitivities are in
the same sense, that is, shorter time step and higher resolution
both lead to changes of statistics in the same direction. Thus
the pure time step signal amplifies the pure horizontal resolution
signal. The zonal average equatorial precipitation shows a strong
sensitivity to time step. At the coarsest T42 resolution, the max-
imum with the shortest time step is almost double that with the
longest. There is also a modulation of the shape associated with
the time step. It is unsatisfactory to have such a strong sensitivity
to the time step and parametrizations should be developed to be
independent of time step, or failing that, they should be applied
in a range of time steps where the simulations are independent
of time step.

The remaining conclusions with regard to resolution alone
apply to the situation where all the simulations use the same
parametrization time step, 5 min, the shortest one considered.
The global averages do not converge with increasing resolu-
tion for all fields. For example, there is no indication that either
precipitable water or precipitation has converged by T340. The
variation in the zonal average equatorial precipitation with res-
olution is smaller than the variation with time step. The actual
peak of the equatorial maximum becomes narrower with in-
creasing resolution indicating that some of this variation may be
due to the smaller scales included in the higher resolution rep-
resentations. The equatorial values do appear to converge when
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conservatively averaged to a 5° grid. This implies that the larger
scales in the equatorial region have converged and the variation
in the global average comes from the remainder of the domain.

The convergence of the large-scale component of the zonal
average of surface pressure and cloud fraction was studied. The
surface pressure indicates that there is shift in the atmospheric
mass from polar to equatorial regions with increasing resolution.
This shift is of very large-scale and represented by the first and
second symmetric associated Legendre functions. The higher
modes have converged. For example the graphs of the zonal
average (zonal wavenumber m = 0) comprised of Legendre
functions (P)) for n = 12 to the truncation limit of each model
lie on top of each other for all resolutions.

The zonal average cloud fraction shows a strong resolution
signal which is primarily in the global average (n = 0). The cloud
fraction decreases with increasing resolution and the difference
between adjacent resolutions appears to be increasing with in-
creasing resolution which is opposite what one would see if the
fields were converging with increasing resolution. The variation
with resolution in the higher indexed associated Legendre func-
tions is small compared to the global average although the sum
over all modes does contribute to a change with resolution in
the polar region. The lack of convergence of both the surface
pressure and fraction is associated with smaller scales, but in
different ways. The surface pressure distribution is determined
by the non-linear poleward eddy momentum flux forcing the
zonal mean flow. The cloud fraction is a linear average of the
local cloud fraction which is dependent on the resolution.

The lack of convergence of the global average and largest
meridional scales is somewhat disconcerting. In these experi-
ments the adjustable constants in the parametrizations were held
fixed at the standard T85 model values. Perhaps the parametriza-
tions require a resolution dependency. This raises the question:
Should parametrizations be tuned to yield convergent solutions
of simulation aspects like global averages and large-scale struc-
tures? More usually the adjustable constants are tuned at each
resolution to give the best climate by some measures. This does
not necessarily lead to overall convergence. Better still might
be to tune the parametrizations using model forecasts based on
real case studies compared to field campaign observations and
very high resolution model simulations by cloud scale resolving
models (Phillips et al., 2004).

The equatorial wave propagation characteristics of the sim-
ulations were examined via Wheeler and Kiladis (1999) type
wavenumber-frequency diagrams. These diagrams indicate con-
vergence with increasing resolution of the larger scale propa-
gating wave characteristics, however a relatively high resolution
of T170 is required to capture wavenumbers less than 16, the
highest wavenumber plotted.

Finally we considered the convergence of extremes by calcu-
lating probability density functions of the 6-h averaged precip-
itation in the equatorial region between 10°S and 10°N. With
all resolutions there is an increase in the probability of larger
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precipitation with decreasing time step but there is some indi-
cation that each resolution is converging to its own value. With
the 5 min time step there is an increase in the probability of
larger precipitation with increasing resolution, but no indica-
tion of convergence with increasing resolution. The increasing
probability with increasing resolution is due to the inclusion of
smaller scales in the higher resolution simulations. The extremes
of the larger scales however do converge. This was established
by conservatively averaging the precipitation to a coarser grid
before calculating the probability density functions. Thus the
model with T85 truncation is required to capture the extremes
of the larger T42 scales. Similarly the model with T170 trunca-
tion is required to capture the extremes of the larger T85 scales.
This analysis implies that extremes should be analysed on spatial
scales larger than double the truncation limit of these models.
The smallest half of the scales should not be included. This con-
clusion holds for T85 and higher resolutions, but not for T42
and lower. The T42 model does not capture the extremes of the
T21 scales. At least T85 is needed to capture the extremes of the
T21 scales.
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