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Abstract in this paper, an analysis of the global AAM conservation properties of NCAR's Community
Atmosphere Model Spectral Element (CAM-SE) dynamical core under Held-Suarez forcing is presented. It is
shown that the spurious sources/sinks of AAM in CAM-SE are 3 orders of magnitude smaller than the para-
meterized (physical) sources/sinks. The effect on AAM conservation by changing various numerical aspects
of the dynamical core (e.g., different vertical coordinates, reduced formal order of accuracy, increased dissi-
pation, and decreased divergence damping) is investigated. In particular, it is noted that changing from
Eulerian (hybrid-sigma) to floating Lagrangian vertical coordinates does not alter the global AAM conserva-
tion properties of CAM-SE.

1. Introduction

The angular momentum of an atmosphere with respect to its rotation axis characterizes its rotary inertia
and it is a fundamental physical quantity characterizing the general circulation. In the absence of any sur-
face torque and zonal mechanical forcing, the hydrostatic primitive equations conserve the globally inte-
grated axial angular momentum (AAM) [Thuburn, 2008] when assuming a constant pressure upper
boundary condition [see, e.g., Staniforth and Wood, 2003]. The fluid flow solver (also known as the dynami-
cal core) approximating the solution to the hydrostatic primitive equations should therefore ideally also
conserve AAM, however, no dynamical core known to the authors conserves AAM to machine precision. For
axisymmetric flows, Hourdin [1992] derived a vertical discretization that compensates for the lack of AAM in
the horizontal discretization. Hyperviscosity operators can be formulated so that uniform rotation is not
affected and thereby the operator is not a source/sink for AAM for that part of the flow (see, e.g., Section
3.3.6 in Neale et al. [2010]).

Accurate conservation of AAM in the dynamical core has been found particularly important for modeling
superrotating atmospheres such as the atmospheres of Venus and Titan [e.g., Lebonnois et al., 2012, here-
after Leb2012]. If the spurious sources/sinks of AAM in the dynamical core are of similar or larger magni-
tude than the physical torques, the credibility of the simulation is dubious. Leb2012 found that this was
the case in Venus/Titan simulations as well as simplified Earth simulations (see Figure 1) when using
NCAR’s CAM (Community Atmosphere Model) [Neale et al., 2010] adapted for the Venus atmosphere and
using the finite-volume dynamical core (referred to as CAM-FV) [Lin, 2004]. Similarly, Lee and Richardson
[2010] found that the simulation of the general circulation of Venus’s atmosphere varied significantly
between different dynamical cores (the “B-core” (http://math.nyu.edu/~gerber/pages/climod/bgrid.pdf),
a spectral transform dynamical core [Held and Suarez, 1994], and a finite-volume (FV) dynamical core [Lin,
2004] available in the Geophysical Fluid Dynamics Laboratory (GFDL) Flexible Modeling System (FMS)). In
particular, it was noted that the damping operators were very different between the dynamical cores. The
superior performing model, in terms of credible atmospheric state, conserved AAM very well [Lee and
Richardson, 2012].
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Axial Angular Momentum (AAM) diagnostics for CAM-FV
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Figure 1. Angular momentum diagnostics for CAM-FV in the Held-Suarez setup (data are from Lebonnois et al. [2012]). First, second, and third column is total angular momentum

d

(M, +Myg), time tendencies of AAM due to the dynamical core ((d—””)dy") and physical parameterizations ((d—"{’)phys), respectively, as a function of time. Note that the spurious source/sinks

it

of AAM from the dynamical core (second column) are the same order of magnitude as the physical sources/sinks of AAM (third column).

In Earth’s atmosphere, the physical sources/sinks of angular momentum are very large. On the resolved
scales (part of the dynamical core), there are large mountain torques due to pressure difference across orog-
raphy. The mountain torques are predominantly eastward in the tropics and westward in the midlatitudes,
and this AAM exchange affects the length of day [see, e.g., Egger et al., 2007]. On the unresolved scales, the
frictional forces such as boundary layer turbulence and drags from breaking gravity waves alter the AAM
budget. Due to these large physical sources and sinks (that are not in a similar balance as for Venus and
Titan), the lack of conservation of AAM in the dynamical core (when subtracting the mountain torque) is
much less apparent.

It is the purpose of this paper to investigate the globally integrated AAM conservation properties of the
spectral-element dynamical core (the CAM-SE dynamical core is the continuous Galerkin spectral finite-
element dynamical core in NCAR'’s High-Order Method Modeling Environment (HOMME) [Dennis et al.,
2005]; referred to as CAM-SE [Dennis et al., 2012]) and to investigate how different numerical operators/
options available in CAM-SE affect AAM conservation. The CAM-SE dynamical core can be run at different
formal orders of accuracy (by varying the order of the polynomial basis functions) and it accommodates
two different treatments of vertical advection that are commonly used: the finite difference treatment of
vertical advection that conserves angular momentum and total energy [Simmons and Burridge, 1981], which
will be referred to as Eulerian vertical coordinate (hybrid-sigma), and the floating Lagrangian vertical coordi-
nates for which the vertical advection terms are essentially replaced by periodic vertical remapping of prog-
nostic variables from the floating Lagrangian layers to reference Eulerian (hybrid-sigma) vertical
coordinates. This remapping also conserves AAM and optionally total energy [Lin, 2004]. The effect on AAM
conservation by using these different numerical operators is the main topic of this paper. The AAM analysis
is detailed in the sense that not only are the total contributions to AAM from the dynamical core and
parameterizations separated but also the breakdown into the relative contributions from diffusion operators
and the “inviscid” fluid flow solver. The AAM diagnostics are computed consistently inline in the dynamical
core at every dynamics time step and fully consistently with the spectral-element method.

The simulations presented here make use of the idealized Earth configuration called Held-Suarez [Held and
Suarez, 1994]. In this setup, there is no topography and the parameterization suite is replaced by a relaxa-
tion of temperature toward a zonally symmetric state and Rayleigh damping of low-level winds to emulate
boundary layer friction [Held and Suarez, 1994]. This forcing results in a statistical mean state similar to
Earth’s atmosphere in terms of producing similar time-averaged zonal jet streams and temperature profiles.
The only physical source/sink of AAM in this setup is the Rayleigh damping. The absence of mountain tor-
ques and other large subgrid-scale torques makes the Held-Suarez test a good test bed for investigating
AAM properties of general circulation models developed for Earth’s atmosphere.
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The paper is organized as follows. In section 2, the formulas and associated nomenclature for the AAM anal-
ysis is introduced. The detailed global AAM analysis is presented in section 3 after a description of the exact
CAM-SE dynamical core configuration in terms of polynomial order, viscosity coefficients, time steps, etc.
We end the paper with a summary and discussion in section 4.

2. Method

2.1. Continuous AAM

When choosing the usual spherical coordinate system that rotates with the atmosphere and with coinciding
rotation axes, the global axial angular momentum (AAM) can be separated into one part (M,) associated
with the relative motion of the atmosphere with respect to the planets surface (also known as wind AAM)
and another part (Mq) associated with the angular velocity Q (=27 /d, where d is the length of the day) of
the planet (also known as mass AAM):

M:M('i'MQ:J purcos@dV+J pQr2 cos20dV, (1
D D

where r is the radial distance from the center of the planet, p is the fluid density, u is the zonal velocity com-
ponent, 0 is the latitude, 4 is longitude, dV=r?cos 0 d/.d 0 dr is an infinitesimal spherical volume, and D is
the global domain. We make the shallow atmosphere assumption and hydrostatic assumption so rin (1) is
replaced with R (mean radius of the planet) and dr=— l]—gdp (g is the gravitational constant), respectively.

In the absence of any surface torque and zonal mechanical forcing, the hydrostatic primitive equations con-
serve the globally integrated AAM when assuming a constant pressure upper boundary [see, e.g., Staniforth
and Wood, 2003]:

am
—=0. 2
pT )
Typically, numerical models are divided into a dynamical core (dyn) that, roughly speaking, solves the equa-
tions of motion on resolved scales and physical parameterizations that approximate subgrid-scale processes
(phys). There can therefore be two sources/sinks of AAM:

(20, (%)
dt \dt )y, \dt ),
am

In Held-Suarez configuration, (E)phys is from simplified surface drag that acts on the velocity components
only. Consequently, it does not alter Mg but only M,. In the Held-Suarez setup, the sources/sinks of AAM in
the dynamical core are due to numerical errors unless explicit or implicit diffusion is designed to mimic
physical drag. In this study, we assume that the dynamical core approximates the solution to the hydrostatic
primitive equations and not any subgrid-scale processes and it should therefore, according to (2), not be a
source/sink of global AAM. The spurious contributions to AAM should be much smaller than the physical

sources/sinks of AAM:
am am
dt dyn dt ohys

The change of total AAM due to the dynamical core, (‘Zjlt”)dyn, is decomposed into two components

(6,7 (6), s (@)
dt dyn dt inviscid dt diff '

The first term on the right-hand side of (5) is the tendency of AAM due to “inviscid dynamics” or more pre-
cisely, dynamics without any explicit diffusion operators, which is accounted for in the second term. Explicit
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diffusion in the CAM-SE model is fourth-order hyperviscosity on all prognostic variables as well as additional
damping of divergent modes.

2.2. Discretization of Total AAM in CAM-SE

CAM-SE is a highly scalable dynamical core based on a equiangular cubed-sphere tiling of the sphere with
elements. Within each element, the variables are represented as polynomials on a Lobatto-Legendre quad-
rature (GLL) grid. Hence, gradient, curl, and other operations can be computed exactly and then projected
on to the basis. The operators are compatible (also called mimetic) so key discrete operators and discrete
integrals satisfy continuum properties [Taylor and Fournier, 2010]. In particular, mass is conserved to
machine precision. In the version of CAM-SE based on the Simmons and Burridge [1981] vertical coordinate/
advection, total energy is conserved to time-truncation errors. For a detailed description of the CAM-SE
dynamical core, see Neale et al. [2010].

In CAM-SE, the two components of total AAM are discretized as

3 ncol nlev
M, =— Z Z Apik uj cos (0;) AA;, ©
9 ==
and
QR4 ncol nlev
Ma="03 S Apicos™(0)04, v
i=1 k=1

respectively, where Apj is the pressure level thickness at the GLL point (cell) with index i (ncol is the
number of GLL points in each model layer) and vertical index k (nlev = 30 is the number of vertical levels),
and AA; can be interpreted as the fictitious spherical area associated with GLL point i which in CAM-SE is
the product between Gauss-Legendre weights and metric terms (the weights and metric terms are so that

]
Z,n: AA; equals the area of the unit sphere (=4n)) [Dennis et al., 2012]. The terms in the AAM budget are
computed “inline” in the code at every time step, i.e., (ddl{’)dyn is computed at every Runga-Kutta stage that

makes up the dynamics time step (At,4,, =360s). The AAM tendencies over each Runga-Kutta stage are accu-
mulated over each physics time step (At,p,s=1800s). For the Lagrangian vertical coordinate version of CAM-
SE, the vertical remapping occurs every half hour. Hence, the vertical coordinate “floats” for five dynamics
time steps.

3. Results

The horizontal resolution in CAM-SE is specified through the number of elements (ne) and number of
Gauss-Lobatto-Legendre quadrature (GLL) points along the edge of each element (np). With np = 4, the
prognostic variables are represented with degree 3 (=np—1) polynomials in each element. Here we con-
sider ne30np4, ne45np3, and ne90np2 configurations that all have the same number of degrees of freedom
(=6Xne?x (npf1)2) but decreasing polynomial orders. Fourth-order viscosity is applied to all prognostic
variables. The hyperviscosity coefficients for fourth-order viscosity and additional fourth-order divergence
damping (v=1.0X10"m*/s and v4;, =2.5X10""m*/s, respectively), and time steps are held fixed for all ne
and np settings (time steps are given in section 2.2). In the upper three levels of the model (also known as
the model sponge), there is additional Laplacian damping of the prognostic variables with coefficients
increasing from veop,2 X vop, t0 4X vy, toward the model top (vro,,=2.5><105m2/s).

The vertical resolution is held fixed (nlev = 30); however, as mentioned in section 1, we consider two differ-
ent vertical coordinates or equivalently two treatments of vertical advection terms in the prognostic equa-
tions referred to as “Eulerian” and “Lagrangian.” The Eulerian configuration is based on finite differences
that conserve energy and angular momentum [Simmons and Burridge, 1981]. The vertical Lagrangian coordi-
nate configuration follows the Lin [2004] approach where the hybrid-sigma vertical coordinate surface are
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allowed to float as material surfaces for several consecutive time steps (1800s in this study) where after the
prognostic variables are remapped back to the hybrid-sigma (Eulerian) coordinate surfaces.

The default polynomial order used for (climate) simulation in CAM-SE is degree three (np = 4) with the
above-mentioned settings for hyperviscosity operators and time steps. The preferred choice of vertical coor-
dinate in climate simulation is the one based on floating Lagrangian levels. We will refer to this configura-
tion as the default configuration.

The Held-Suarez forcing simulations were performed for 4000 days although we will only show results for
shorter time periods after the initial spin-up. After the initial spin-up (~100 days), the global AAM diagnos-
tics are stable; for clarity, we only show 300 day periods on the figures. As mentioned above, the AAM diag-
nostics were computed at every internal time step inline in the source code using native surface integration
routines to integrate AAM over each element. Hence, AAM diagnostics are completely consistent in space
and time with the dynamical core numerical discretization techniques. Common practice, however, is to
compute AAM based on temporally averaged output of prognostic variables (six hourly or daily) and subse-
quent perform mathematical operations to derive AAM.

3.1. Conservation of AAM in Default Setup

Figures 2 and 3 (row 1) show the temporal evolution (day 1000-1300) of total AAM, wind AAM (M,), and
mass AAM (Mgq) in columns 1, 2, and 3, respectively. The AAM for the default setup is shown with solid
green lines (ne30np4Lagrangian) in Figure 2. As expected, the total AAM is dominated by the mass AAM
which is about 2 orders of magnitude larger than the wind AAM. The total AAM oscillates around
~1.0395X10%kg m? /s with deviations of about 102°kg m?/s. Overall, these values are similar to real Earth
AAM in terms of relative values and amplitude of the temporal variation of AAM [Egger et al., 20071].

Rows 2 and 3 of Figures 2 and 3 show the relative contributions to total change in AAM due to the dynami-
cal core, ((‘fj—’f)dyn), and parameterizations, ((‘fjit”)phys), respectively, again separated into total (column 1),
wind (column 2), and mass (column 3) AAM. Note that for clarity rows 2 and 3 use the same y axis scale
(max/min values are +7x10'). Since ((4),,,) is small a plot with a 100 times smaller range (+7x10") is
embedded in the plot. We note that for the default configuration the spurious sources/sinks of total AAM
are about 3 orders of magnitude smaller than the parameterized (physical) sources/sinks (equation (4)). This
result is in sharp contrast to the results for CAM-FV shown in Figure 1 where the spurious sources/sinks

from the dynamical core were the same order of magnitude as the parameterized sources/sinks.

In examining the breakdown of ((‘fjlr”)dyn) into wind and mass tendencies for AAM (row two, columns two

and three in Figures 2 and 3, respectively), it is observed that the amplitudes of these are of order 10'°,
whereas the residual is of order 10'®. Hence, they balance each other to the per mil. In other words,
((%)dyn) compensates very well to fluctuations in mass during advection (%). Consequently, the fluctua-
tions in M comes entirely from the parameterizations (at least up to the third digit).

By further separating ((‘f,—"r")dyn) into contributions from “inviscid” dynamics, (4

W) visciqr @nd hyperviscosity
(‘fjl{’) 4irr Similar balances are observed (Figures 4 and 5). The breakdown of “inviscid” tendencies of total
AAM into wind and mass AAM tendencies shows the same balance as for ((‘Q—"t”)dyn) in terms of magnitudes
(row 2 of Figures 2 and 3 are qualitatively indistinguishable from row 1 of Figures 4 and 5; the scales on the
y axis are identical). The diffusion (hyperviscosity) contributions to the change in AAM is dominated by
velocity AAM with (%%), approximately 2 orders of magnitude larger than (%) _; note that the max/
min of the y scale of the embedded plots in Figures 4 and 5 are =1.3X 107 for columns 1 and 2, whereas

the range of column 3 is [-1.2X10'%,0.2X10"].

In the remainder of this paper, we assess how different operator and discretization options (available in
CAM-SE) affect the conservation of AAM. The impact on conservation of AAM by changing polynomial
degree, change vertical coordinate and make other more subtle changes in the dynamical core, is discussed
in three separate sections below.

3.2. Polynomial Order and AAM Conservation

One may readily pose the question if the AAM conservation properties are a function of the formal order of
accuracy of the operators employed in the dynamical core. Since CAM-SE is based on a Galerkin method, it
is rather straight forward to alter the formal accuracy of the horizontal operators by reducing the
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Axial Angular Momentum (AAM) diagnostics for CAM-SE
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Figure 2. (row 1) Depicts (column 1) total or absolute AAM (M), (column 2) the Q AAM (Mg,), and (column 3) relative AAM (M,) as a function of time (day 1000-1300) for different polyno-

mial orders for CAM-SE based on Lagrangian vertical coordinates. Time tendencies of AAM due to the (row 2) dynamical core ((d—"”

t)dyn) and (row 3) physical parameterizations

((%”)WS) with the same partitioning as row 1. Note that the y axis unit on row 1 is 102°kg m?s~", whereas the remaining rows are 1.0x10'°kg m?s~2. In the embedded plot (row 2, col-

umn 1) the unit is 1.0X 10" kg m?s~2.

polynomial order from four to three (ne45np3) and two (ne90np2). The total number of degrees of freedom
held constant (number of elements is increased accordingly), i.e., the resolution for all configurations is ~1°.
All other parameters are held fixed.

Without loss of generality in this discussion we focus on Figures 2 and 4 (floating Lagrangian vertical coordi-
nate solutions). In terms of the time evolution of total AAM, the amplitudes of the fluctuations are very simi-
lar for the fourth-order (np = 4; green line), third-order (np = 3; red line), and second-order (np = 2; blue
line) solutions. There is an ~5% relative difference between the time-mean values of M, between the model
configurations (Figure 4, top middle).
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Axial Angular Momentum (AAM) diagnostics for CAM-SE Eulerian
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Figure 3. Same as Figure 2 but for CAM-SE based on Eulerian (hybrid-sigma) vertical coordinates.

The spurious contributions to AAM from the dynamical core is only weakly dependent on polynomial order.
The second-order solution (np = 2) has about an order of magnitude larger contributions to AAM than the
higher-order solutions. However, the spurious contributions are still 2 orders of magnitude smaller than the
physical sources/sinks, i.e., the balance between wind and mass AAM is still very well maintained despite
the formal low order of accuracy. As for the np = 4 results, the change in AAM is mainly due to “inviscid”
dynamics (Figure 4).

3.3. Eulerian and Lagrangian Vertical Advection
Since both the [Simmons and Burridge, 1981] vertical discretization and the floating Lagrangian coordinates
[Starr, 1945; Lin, 2004] are available in CAM-SE, it provides a unique opportunity to compare these vertical
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Figure 4. Same as rows 2 and 3 of Figure 2 but for the “inviscid” part of the dynamical core solver and explicit diffusion operators, respectively.

advection approaches. The simulations with different order of polynomials were repeated with the floating
Eulerian (hybrid-sigma) vertical coordinate. The AAM diagnostics are plotted in Figures 3 and 5.

Both vertical advection operators conserve AAM; however, the frequency of the vertical advection step is
different between the two. In the Eulerian vertical coordinate version, the vertical advection is performed at
every dynamics time step. With the floating Lagrangian vertical coordinate, the vertical advection (remap-
ping) is only performed every fifth dynamics time step.

Perhaps surprisingly we see very little dependency on vertical coordinate and AAM conservation (Figures
2-5). The main difference is on the embedded plot in Figures 4 and 5 (column 3, row 2). Since the Eulerian
vertical coordinate version does not have any explicit diffusion on pressure, the mass AAM tendency
(%)dm, is zero. The floating Lagrangian vertical coordinate version of CAM-SE applies explicit diffusion to
pressure-level thickness and hence the mass tendencies of AAM associated with diffusion are nonzero.

3.4. Other Numerical Configuration Changes and AAM

A number of experiment were performed altering different aspects of the CAM-SE dynamical core, however,
none of them changed the total AAM budget significantly (Figures 6 and 7). The experiment configurations
were as follows:

1. Five-fold increase in hyperviscosity coefficient (v=5.0X10"?),
2. Turnoff increased divergence damping (vgi, =v=1.0X10"),
3. Remove uniform rotation correction in the hyperviscosity computation,

4. Change from piecewise parabolic method (PPM) [Colella and Woodward, 1984] vertical remapping algo-
rithm to the piecewise spline method (PSM) [Zerroukat et al., 2006],
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Figure 5. Same as rows 2 and 3 of Figure 3 but for the “inviscid” part of the dynamical core solver and explicit diffusion operators, respectively.

5. Turn global total energy-fixer off,

6. Turnoff sponge layer diffusion, i.e., no increase diffusion near model top (namelist variable nu_top
changed from 2.5X10° to zero),

7. In vertical remapping algorithm (diagnostics not shown in Figures 6 and 7): instead of remapping temper-
ature remap total energy and diagnose temperature [Lin, 2004].

4. Summary and Discussion

It has been shown using the Held-Suarez idealized Earth setup that NCAR's Community Atmosphere Model
Spectral Element (CAM-SE) dynamical core conserves axial angular momentum very well. That said, even if
good global conservation of AAM is demonstrated, it cannot be ruled out that local conservation errors
somehow cancel out. Nevertheless local conservation implies global conservation, so any defects in the
global conservation point to deficiencies in local conservation.

In CAM-SE, the spurious sources and sinks of AAM from the dynamical core are 3 orders of magnitude
smaller than the physical (parameterized) sources/sinks. Changing the vertical coordinate from the popular
Simmons and Burridge [1981] method to floating Lagrangian vertical coordinates [Starr, 1945; Lin, 2004] did
not affect the global AAM budget. A slight degradation on the conservation of total AAM was observed
when changing from formally fourth-order spatial discretization to second order, however, the spurious
dynamical core sources/sinks were still 2 orders of magnitude smaller than the change in angular momen-
tum due to physical forcing. Changing vertical remapping algorithm, increasing hyperviscosity, decreasing
divergence damping, remapping total energy instead of temperature in the floating Lagrangian vertical
coordinate version, turning global energy-fixer off, remove uniform rotation correction in diffusion operator
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Figure 6. Same as Figure 4 but for ne30np4 based on Lagrangian vertical coordinates where different aspects of dynamical core were altered: fivefold increase in hyperviscosity coeffi-
cient (v:5.0><1015m4/s; blue line), turnoff increased divergence damping (vgy =v=1 .0><1015m“/2; red line), and remove uniform rotation correction in the hyperviscosity computation

(green line).

(so that uniform rotation is damped), and turning off increased sponge layer diffusion, did not significantly
affect the magnitude of the spurious sources/sinks of global AAM.

In the literature, excellent AAM conservation properties have been reported in a model based on the spectral
transform method [Lee and Richardson, 2012]. The CAM-SE and global spectral transform dynamical cores
share some aspects such as colocation of prognostic variables (Arakawa A-grid staggering), make use of basis
functions so derivative and integrals can be exactly computed (except for nonlinear terms), and the diffusion
operators are higher order (typically forth order or higher). Models that have been shown (Lee and Richardson
[2010] analyzed simplified Venus simulations with the B-core [Arakawa and Lamb, 1981], a spectral transform
dynamical core [Held and Suarez, 1994], and a finite-volume (FV) dynamical core [Lin, 2004] available in the
Geophysical Fluid Dynamics Laboratory (GFDL) Flexible Modeling System (FMS)) (in Venus setup) to have a
larger sensitivity to “details” in the dynamical core are based finite-volume or finite difference methods [Lee
and Richardson, 2010]. These dynamical cores are based on staggered grids and have implicit diffusion. Note
that this does not necessarily imply that finite-volume and finite difference models are not suitable for simu-
lating super-rotation. For example, the LMD GCM [Hourdin et al., 2006] is capable of simulating super-rotation
[e.g., Lebonnois et al., 2010] despite being a finite difference model on a staggered grid.

That AAM conservation is, at least for CAM-SE, not primarily controlled by the vertical discretization sug-
gests to look for the cause for good or bad conservation in the horizontal discretization. Therefore, it would
be useful to analyze AAM conservation already at the level of the shallow-water equations. The simplicity of
the equations may allow a more in-depth understanding of the spurious sources of AAM associated to the
various discretization strategies. A first step toward such an analysis would be the specification of a shallow-
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Figure 7. Same as Figure 4 but for ne30np4 based on Lagrangian vertical coordinates where different aspects of dynamical core were altered: change from piecewise parabolic method (PPM) ver-
tical remapping algorithm to the piecewise spline method (PSM; dark gray line), turn global total energy-fixer off (orange line), and turnoff additional sponge layer diffusion (turquoise line).

Acknowledgments

The authors thank two anonymous
reviewers for their reviews. NCAR is
sponsored by the National Science
Foundation (NSF). Partial support for
this work was provided through the
Scientific Discovery through Advanced
Computing (SciDAC) program
(DE-SC0006745) funded by U.S.
Department of Energy, Office of
Science, Advanced Scientific
Computing Research. The discussions
with J.-F. Lamarque (NCAR) and the
software engineering support from B.
Eaton (NCAR), S. Santos (NCAR), and S.
Goldhaber (NCAR) is gratefully
acknowledged.

water numerical experiment exacerbating defects in AAM conservation; an aspect currently overlooked by
the standard test cases that numerical schemes are expected to pass [e.g., Williamson et al., 1992].

The authors believe that the global AAM conservation properties of CAM-SE demonstrated in this paper is
an important first step in qualifying CAM-SE for the successful simulation of super-rotating atmospheres
[Parish et al., 2012]. Contrary to the global spectral transform models widely used for Venus and Titan mod-
eling, CAM-SE has been demonstrated to be highly scalable on massively parallel compute architectures
[Taylor et al., 2008]. CAM-SE has also successfully been used to simulate the Quasi-Biennial Oscillation (QBO)
[Richter et al., 2014].
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