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Figure 1. First row depicts total or absolute AAM (M ,
column 1), the Ω AAM (MΩ, column 2), and relative
AAM (Mr, column 3) as a function of time (day 1000 to
1300) for different polynomial orders and vertical advec-
tion schemes. Rows two and three show time-tendencies
of AAM due to the dynamical core (( dMdt )dyn) and physi-

cal parameterizations (
(
dM
dt

)
phys

), respectively, with the

same partioning as row one.

Figure 2. Same as Figure 1 ... note same y-scale as
Figure 1.

X
-
4

L
A
U
R
IT

Z
E
N

E
T

A
L
.:

C
A
M
-S
E

A
N
G
U
L
A
R

M
O
M
E
N
T
U
M

Figure 1. First, second, and fourth row are zonal
mean quantities averaged over year 3-10 of the simula-
tion for different model configurations; columns from left
to right are Lagrangian vertical coordinate configurations
at ne30np4, ne45np3, ne90np2 followed by Eulerian ver-
tical coordinate configurations in the same order. First
row is zonal mean zonal winds ([u]) and the second row is
the difference between [u] for the configuration in ques-
tion and [u] for the ne30np4 Lagrangian configuration.
Forth row is the same as the second row but for temper-
ature. Row three are time-height plots of monthly-mean,
zonal-mean zonal wind averaged between 6◦N and 6◦S.
The horizontal white lines on row two mark the location
of the mid-levels. Note that the three upper most lay-
ers are sponge layers with increased explicit and implicit
numerical diffusion.

Notation"
"
•  ne30np4: standard one degree CAM-SE configuration (30x30 

elements per panel, 4x4 quadrature points, third-order polynomial 
basis functions)"

•  ne45np3: one degree CAM-SE but with second-order polynomials"
•  ne90np2: one degree CAM-SE but with first-order polynomials"
•  For comparison we also show CAM-FV (finite-volume) results from "
    Lebonnois et al. (2012)"

•  CAM-FV has very large spurious sources/sinks of AAM in the  
dynamical core (same size as physical sources/sinks!) 
"

•  All CAM-SE configurations conserve AAM very well: dynamics 
tendencies are about 3 orders of magnitude smaller than the 
physical AAM tendencies 
 
-> dMr/dt from dynamics compensates almost perfectly the 
fluctuations of mass during advection (dMΩ/dt). 
"

    -> In the breakdown  of the dynamics contributions into  
        inviscid dynamics and hyper-viscosity (Figure 2), we see that 
        tendencies are largest for hyper-viscosity (about a factor 10  
        or more than inviscid dynamics).  
"
•  Are the excellent AAM conservation properties due to high-

order numerical methods?  
 
-> CAM-SE was run at the same horizontal resolution but with      
    lower-order polynomials 
 
-> Conservation properties degrade slightly but the spurious     
    AAM sources/sinks are still very small compared to the  
    physical sources/sinks."

•  The floating Lagrangian coordinate version of CAM-SE 
conserves AAM slightly less well compared to the Eulerian 
vertical coordinate version. "
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Figure 1. First row depicts total or absolute AAM (M ,
column 1), the Ω AAM (MΩ, column 2), and relative
AAM (Mr, column 3) as a function of time (day 1000 to
1300) for different polynomial orders and vertical advec-
tion schemes. Rows two and three show time-tendencies
of AAM due to the dynamical core (( dMdt )dyn) and physi-

cal parameterizations (
(
dM
dt

)
phys

), respectively, with the

same partioning as row one.

Figure 2. Same as Figure 1 but for the ‘inviscid’ part of
the dynamical core solver and explicit diffusion operators.
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Abstract. (Type abstract here)

[we focus ont he dry dynamics ...]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 of the atmosphere in question. 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 (Mr) associated with the relative motion of the atmo-
sphere with respect to the planets surface and another part
(MΩ) associated with the angular velocity Ω (= 2π/d, where
d is the length of the day) of the planet:

M = MΩ +Mr =

∫

D
Ωr2 cos2 θ dV +

∫

D
u r cos θ dV. (1)

where r is the radial distance from the center of the planet, u
is the zonal velocity component, θ the latitude, λ longitude,
dV = r2 cos θ dλ dθ dr is an infinitesimal spherical volume,
and D is the global domain.
CHECK FORMULA

The study of changes in Earth’s AAM budget has re-
ceived considerable attention in the literature both in terms
of understanding the relationship between processes in the
climate system and AAM, and its effect on the length of day
[see, e.g., Egger et al., 2007a, b]. Earth’s AAM is dominated
by the distribution of mass (MΩ ! Mr) and the changes in
AAM is mainly due to large friction and mountain torques
that are predominantly eastward in the tropics and west-
ward in the mid-latitudes. As discussed in detail in Thuburn
[2008] the numerical conservation of AAM conservation in
the dynamical core is considered important for zonal wind
strength (mid-latitude jets and trade winds), stratospheric
winter vortex and the Quasi-Biennial Oscillation (QBO);
however, since the parameterized torques (e.g., gravity wave
drag, blocking, turbulent drag) and resolved torques (zonal
pressure differences across mountains) are large for Earth’s
atmosphere, the effect of the lack of numerical conserva-
tion of AAM on the simulation are more subtle; that said,
it is well known in the modeling community (though few
publications have been written on the topic) that the suc-
cessful simulation of the QBO and phenomena related to
AAM are sensitive to the diffusive characteristics of the dy-
namical core and the interactions/mechanisms are poorly
understood [Jablonowski , 2007].
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For super-rotating planets such as Venus and Titan, small
errors in the AAM conservation of the dynamical core much
more apparent since the AAM change is a balance between
Eastward and Westward torques which are about 10 times
larger than the residual [Hourdin et al., 1995]. Since super-
rotation comes about through this small imbalance in sur-
face sources and sinks of angular momentum, the accurate
numerical conservation of AAM in the dynamical core is
considered crucial for successful simulation of super-rotation
[e.g. Lebonnois et al., 2012, hereafter referred to as L2012].

is more sensitive to the numerical coefficients used in
those dynamical cores Lee and Richardson [2010].

numerical methods: Sardony, ... etc.
Horizontal: LMD GCM conserves angular momentum for

the axisymmetric component [Hourdin et al., 2006].
Vertical: Simmons and Burridge [1981]

Shaw and Shepherd [2007]: angular momentum conserva-
tion in gravity wave drag parameterization
Shepherd and Shaw [2004]:

1

X - 2 LAURITZEN ET AL.: CAM-SE ANGULAR MOMENTUM

In the absence of any surface torque and zonal mechani-
cal forcing, the hydrostatic primitive equations conserve the
globally integrated AAMwhen assuming a constant pressure
upper boundary [see, e.g., Staniforth and Wood , 2003]:

dM
dt

= 0. (2)

Typically numerical models are divided into a dynamical
core (dyn) that, roughly speaking, solves the equations of
motion on resolved scales and physical parameterization
that approximate sub-grid-scale processes (phys). There can
therefore be two sources/sinks of AAM:

dM
dt

=
(
dM
dt

)

dyn
+
(
dM
dt

)

phys
. (3)

In Held-Suarez setup
(
dM
dt

)
phys

is simplified surface drag
that acts on the velocity components only. Consequently it
does not alter MΩ but only Mr. In Held-Suarez setup the
sources/sinks of AAM in the dynamical core are due to nu-
merical 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 sub-grid-scale processes and
should therefore, according to (2), not be a source/sink of
global AAM.

In this study we are going to break-down
(
dM
dt

)
dyn

into
two components

(
dM
dt

)

dyn
=
(
dM
dt

)

inviscid
+
(
dM
dt

)

diff
. (4)

The first term on the right-hand side of (4) is the tendency of
AAM due to ‘inviscid dynamics’ or more precisely, dynamics
without any explicit diffusion operators which is accounted
for in the second term. Explicit diffusion in the CAM-SE
model the fourth-order hyperviscocity on all prognostic vari-
ables and additional divergence damping.

2. CAM-SE

Highly scalable. Mass-conservative to machine precision.

3. Results

Analyzing different configuration that affect the diffusive
characteristics of the dynamical core.

Explain ne30np4, ne45np3, ne90np2.

On Figure 1 we note:
• Row 1: Evolution of AAM: For each of the polynomial

order configurations the vertical coordinate does not signif-
icantly alter the solution in terms of global AAM.

• Row 1: Each of the polynomial order configurations
settle into a different AAM state; due to initial condition?

• Row 2 and 3: Since the parameterizations only directly
changes winds and not the mass fields ( dMΩ

dt )phys is zero.
The physical forcing (paramterizations) is approximately 3
orders of magnitude larger than the spurious AAM forcing
from the dynamics (for ne30np4, ne45np3). For ne90np2 it
is about 2 orders of magnitude difference. L2012 found that
for CAM-FV the spurious AAM srouce/sinks is the same or-
der of magnitude as the physical forcing. MAJOR POINT
IN PAPER!

• When looking at the breakdown of (
(
dM
dt

)
dyn

) we see

that (
(
dMr
dt

)
dyn

) and (
(
dMΩ
dt

)
dyn

) are the same order of mag-

nitude as the physical tendencies (if not larger), however,
they balance each order to the per mil (ne30np4, ne45np3)

or percent level. In other words, dMr
dt from the dynamics

compensates very well to fluctuations in mass during advec-
tion ( dMΩ

dt ). How well the two terms compensate each other
is a function of polynomial order. In any case, fluctuations
in M comes entirely from physics (up to the third or second
digit). This is very different from the CAM-FV results.

Zonally averaged plots (Figure ??); it is noted that the
vertical axis is height and hence it emphasizes the strato-
sphere:

• Large signal between the two vertical coordinate con-
figurations right below the sponge in the tropics.

• This signal is large than the effects of chaning the poly-
nomial order

Acknowledgments. (Text here)

References

Burkhardt, U., and E. Becker (2006), A consistent diffusion-
dissipation parameterization in the ECHAM climate model,
Mon. Wea. Rev., 134, 1194–1204, doi:10.1175/MWR3112.1.

Egger, J., K. Weickmann, and K.-P. Hoinka (2007a), Angular
momentum in the global atmospheric circulation, Reviews of
Geophysics, 45 (4), n/a–n/a, doi:10.1029/2006RG000213.

Egger, J., K. Weickmann, and K.-P. Hoinka (2007b), Angular
momentum in the global atmospheric circulation, Reviews of
Geophysics, 45 (4), n/a–n/a, doi:10.1029/2006RG000213.

Hourdin, F., O. Talagrand, R. Sadourny, R. Courtin, D. Gautier,
and C. P. Mckay (1995), Numerical simulation of the general
circulation of the atmosphere of titan, Icarus, 117 (2), 358 –
374, doi:10.1006/icar.1995.1162.

Hourdin, F., I. Musat, S. Bony, P. Braconnot, F. Codron, J.-L.
Dufresne, L. Fairhead, M.-A. Filiberti, P. Friedlingstein, J.-Y.
Grandpeix, G. Krinner, P. LeVan, Z.-X. Li, and F. Lott (2006),
The LMDZ4 general circulation model: climate performance
and sensitivity to parametrized physics with emphasis on trop-
ical convection, cd, 27 (7-8), 787–813, doi:10.1007/s00382-006-
0158-0.

Jablonowski, C. (2007), On the existence and non-existence of
QBO-like oscillations in dynamical cores of general circulation
models, 16th Conference on Atmospheric and Oceanic Fluid
Dynamics (AMS meeting), Santa Fe, NM, USA, June 24-29.

Lebonnois, S., C. Covey, A. Grossman, H. Parish, G. Schu-
bert, R. Walterscheid, P. H. Lauritzen, and C. Jablonowski
(2012), Angular momentum budget in general circulation mod-
els of superrotating atmospheres: A critical diagnostic, jgr-r,
117 (E12), n/a–n/a, doi:10.1029/2012JE004223.

Lee, C., and M. I. Richardson (2010), A general circulation model
ensemble study of the atmospheric circulation of Venus, jgr-p,
115 (E4), n/a–n/a, doi:10.1029/2009JE003490.

Shaw, T. A., and T. G. Shepherd (2007), Angular momentum
conservation and gravity wave drag parametrization: Implica-
tions for climate models, J. Atmos. Sci., 64, 190–203.

Shepherd, T. G., and T. A. Shaw (2004), The angular momen-
tum constraint on climate sensitivity and downward influence
in the middle atmosphere, J. Atmos. Sci., 61, 2899–2908, doi:
10.1175/JAS-3295.1.

Simmons, A. J., and D. M. Burridge (1981), An energy
and angular-momentum conserving vertical finite-difference
scheme and hybrid vertical coordinates, Mon. Wea. Rev.,
109 (4), 758–766.

Staniforth, A., and N. Wood (2003), The deep-atmosphere eu-
ler equations in a generalized vertical coordinate, mwr, 131,
1931–1938, doi:10.1175//2564.1.

Thuburn, J. (2008), Some conservation issues for the dynamical
cores of NWP and climate models, J. Comput. Phys., 227,
3715 – 3730.

Corresponding author: P. H. Lauritzen, Atmospheric Mod-
eling and Predictability Secion, Climate and Glocal Dynamics
Division, National Center for Atmospheric Research, 1850 Table
Mesa Drive, Boulder, CO 80305, USA. (pel@ucar.edu)

X - 2 LAURITZEN ET AL.: CAM-SE ANGULAR MOMENTUM

In the absence of any surface torque and zonal mechani-
cal forcing, the hydrostatic primitive equations conserve the
globally integrated AAMwhen assuming a constant pressure
upper boundary [see, e.g., Staniforth and Wood , 2003]:

dM
dt

= 0. (2)

Typically numerical models are divided into a dynamical
core (dyn) that, roughly speaking, solves the equations of
motion on resolved scales and physical parameterization
that approximate sub-grid-scale processes (phys). There can
therefore be two sources/sinks of AAM:

dM
dt

=
(
dM
dt

)

dyn
+
(
dM
dt

)

phys
. (3)

In Held-Suarez setup
(
dM
dt

)
phys

is simplified surface drag
that acts on the velocity components only. Consequently it
does not alter MΩ but only Mr. In Held-Suarez setup the
sources/sinks of AAM in the dynamical core are due to nu-
merical 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 sub-grid-scale processes and
should therefore, according to (2), not be a source/sink of
global AAM.

In this study we are going to decompose
(
dM
dt

)
dyn

into
two components

(
dM
dt

)

dyn
=
(
dM
dt

)

inviscid
+
(
dM
dt

)

diff
. (4)

The first term on the right-hand side of (4) is the tendency of
AAM due to ‘inviscid dynamics’ or more precisely, dynamics
without any explicit diffusion operators which is accounted
for in the second term. Explicit diffusion in the CAM-SE
model the fourth-order hyperviscocity on all prognostic vari-
ables and additional divergence damping.

2. CAM-SE

Highly scalable. Mass-conservative to machine precision.

3. Results

Analyzing different configuration that affect the diffusive
characteristics of the dynamical core.

Explain ne30np4, ne45np3, ne90np2.

On Figure 1 we note:
• Row 1: Evolution of AAM: For each of the polynomial

order configurations the vertical coordinate does not signif-
icantly alter the solution in terms of global AAM.

• Row 1: Each of the polynomial order configurations
settle into a different AAM state; due to initial condition?

• Row 2 and 3: Since the parameterizations only directly
changes winds and not the mass fields ( dMΩ

dt )phys is zero.
The physical forcing (paramterizations) is approximately 3
orders of magnitude larger than the spurious AAM forcing
from the dynamics (for ne30np4, ne45np3). For ne90np2 it
is about 2 orders of magnitude difference. L2012 found that
for CAM-FV the spurious AAM srouce/sinks is the same or-
der of magnitude as the physical forcing. MAJOR POINT
IN PAPER!

• When looking at the breakdown of (
(
dM
dt

)
dyn

) we see

that (
(
dMr
dt

)
dyn

) and (
(
dMΩ
dt

)
dyn

) are the same order of mag-

nitude as the physical tendencies (if not larger), however,
they balance each order to the per mil (ne30np4, ne45np3)

or percent level. In other words, dMr
dt from the dynamics

compensates very well to fluctuations in mass during advec-
tion ( dMΩ

dt ). How well the two terms compensate each other
is a function of polynomial order. In any case, fluctuations
in M comes entirely from physics (up to the third or second
digit). This is very different from the CAM-FV results.

Zonally averaged plots (Figure ??); it is noted that the
vertical axis is height and hence it emphasizes the strato-
sphere:

• Large signal between the two vertical coordinate con-
figurations right below the sponge in the tropics.

• This signal is large than the effects of chaning the poly-
nomial order

Acknowledgments. (Text here)

References

Burkhardt, U., and E. Becker (2006), A consistent diffusion-
dissipation parameterization in the ECHAM climate model,
Mon. Wea. Rev., 134, 1194–1204, doi:10.1175/MWR3112.1.

Egger, J., K. Weickmann, and K.-P. Hoinka (2007a), Angular
momentum in the global atmospheric circulation, Reviews of
Geophysics, 45 (4), n/a–n/a, doi:10.1029/2006RG000213.

Egger, J., K. Weickmann, and K.-P. Hoinka (2007b), Angular
momentum in the global atmospheric circulation, Reviews of
Geophysics, 45 (4), n/a–n/a, doi:10.1029/2006RG000213.

Hourdin, F., O. Talagrand, R. Sadourny, R. Courtin, D. Gautier,
and C. P. Mckay (1995), Numerical simulation of the general
circulation of the atmosphere of titan, Icarus, 117 (2), 358 –
374, doi:10.1006/icar.1995.1162.

Hourdin, F., I. Musat, S. Bony, P. Braconnot, F. Codron, J.-L.
Dufresne, L. Fairhead, M.-A. Filiberti, P. Friedlingstein, J.-Y.
Grandpeix, G. Krinner, P. LeVan, Z.-X. Li, and F. Lott (2006),
The LMDZ4 general circulation model: climate performance
and sensitivity to parametrized physics with emphasis on trop-
ical convection, cd, 27 (7-8), 787–813, doi:10.1007/s00382-006-
0158-0.

Jablonowski, C. (2007), On the existence and non-existence of
QBO-like oscillations in dynamical cores of general circulation
models, 16th Conference on Atmospheric and Oceanic Fluid
Dynamics (AMS meeting), Santa Fe, NM, USA, June 24-29.

Lebonnois, S., C. Covey, A. Grossman, H. Parish, G. Schu-
bert, R. Walterscheid, P. H. Lauritzen, and C. Jablonowski
(2012), Angular momentum budget in general circulation mod-
els of superrotating atmospheres: A critical diagnostic, jgr-r,
117 (E12), n/a–n/a, doi:10.1029/2012JE004223.

Lee, C., and M. I. Richardson (2010), A general circulation model
ensemble study of the atmospheric circulation of Venus, jgr-p,
115 (E4), n/a–n/a, doi:10.1029/2009JE003490.

Shaw, T. A., and T. G. Shepherd (2007), Angular momentum
conservation and gravity wave drag parametrization: Implica-
tions for climate models, J. Atmos. Sci., 64, 190–203.

Shepherd, T. G., and T. A. Shaw (2004), The angular momen-
tum constraint on climate sensitivity and downward influence
in the middle atmosphere, J. Atmos. Sci., 61, 2899–2908, doi:
10.1175/JAS-3295.1.

Simmons, A. J., and D. M. Burridge (1981), An energy
and angular-momentum conserving vertical finite-difference
scheme and hybrid vertical coordinates, Mon. Wea. Rev.,
109 (4), 758–766.

Staniforth, A., and N. Wood (2003), The deep-atmosphere eu-
ler equations in a generalized vertical coordinate, mwr, 131,
1931–1938, doi:10.1175//2564.1.

Thuburn, J. (2008), Some conservation issues for the dynamical
cores of NWP and climate models, J. Comput. Phys., 227,
3715 – 3730.

Corresponding author: P. H. Lauritzen, Atmospheric Mod-
eling and Predictability Secion, Climate and Glocal Dynamics
Division, National Center for Atmospheric Research, 1850 Table
Mesa Drive, Boulder, CO 80305, USA. (pel@ucar.edu)


