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A B S T R A C T

Fundamental to the redistribution of energy in a planetary atmosphere is the general circulation and its
meridional structure. We use a general circulation model of the atmosphere in an aquaplanet configuration with
prescribed sea surface temperature and investigate the influence of the gravitational acceleration g on the
structure of the circulation. For g g= = 9.81 m s0

−2, three meridional cells exist in each hemisphere. Up to about
g g/ = 1.40 all cells increase in strength. Further increasing this ratio results in a weakening of the thermally
indirect cell, such that a two- and finally a one-cell structure of the meridional circulation develops in each
hemisphere. This transition is explained by the primary driver of the thermally direct Hadley cell: the diabatic
heating at the equator which is proportional to g. The analysis of the energetics of the atmospheric circulation
based on the Lorenz energy cycle supports this finding. For Earth-like gravitational accelerations transient eddies
are primarily responsible for the meridional heat flux. For large gravitational accelerations, the direct zonal
mean conversion of energy dominates the meridional heat flux.

1. Introduction

Since the discovery of the first giant planet outside of our Solar
System in 1995 (Mayor and Queloz, 1995) methods to detect and
characterise new planets have been continually developed (e.g. Malbet
et al., 2012). Physical parameters of exoplanets such as angular
velocity, size and mass, can now be estimated and the composition of
an atmosphere can be constrained (e.g. Deming et al., 2005; Berta et al.,
2012; Kreidberg et al., 2014). The increasing number of newly detected
planets and their characteristics raises questions on whether other
habitable worlds might exist.

Apart from the Earth, Venus, Mars, and Titan are planets or moons
with substantial atmospheres (e.g. Svedhem et al., 2007; Lewis et al.,
1999). The corresponding atmospheric circulations differ from each
other due to different characteristics and physical parameters of the
planets and moons, such as the atmospheric composition, distance to
the star, angular velocity, size, obliquity, and composition of the
planetary body - the latter determining the gravitational acceleration
at the surface. The atmospheric circulation is the primary process to
transport heat meridionally; therefore, planetary habitability is directly
dependent on this parameter.

The purpose of this study is to investigate the effect of changes in

the gravitational acceleration on the atmospheric dynamics associated
with the general circulation. We employ a three-dimensional atmo-
spheric general circulation model (GCM) of intermediate complexity in
an aquaplanet configuration (Lunkeit et al., 2011). A set of sensitivity
simulations is performed varying only the gravitational acceleration
and keeping the atmospheric mass constant. The analysis focuses on the
meridional circulation and the different drivers. The consideration of
the energy budget based on Lorenz (1955) provides a deeper under-
standing of the atmospheric conditions of an exoplanet, a prerequisite
to assess habitability.

On Earth, the meridional energy imbalance between equator and
poles induces a heat transport that is essential for the formation of the
atmospheric circulation (e.g. Holton, 2004). The meridional circulation
consists of a three-cell structure: a thermally direct Hadley cell, a
thermally indirect Ferrel cell, and a thermally direct polar cell in each
hemisphere. Quantification of the strength of the individual drivers of
these cells provides an understanding of the sensitivity of the meridional
circulation to changes in external parameters such as the gravitational
acceleration. For the thermally direct Hadley cell, the diabatic and latent
heating are essential, while for the thermally indirect Ferrel cell the eddy
momentum and heat fluxes are the dominant drivers (e.g. Holton, 2004).
The zonal drag force balances the resulting zonal component of Hadley
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circulation and the eddy momentum flux of the Ferrel cell.
The energy cycle as presented by Lorenz (1955) considers different

forms of energy in the atmosphere, the associated transfer fluxes, and
sources and sinks of energy on a global scale. On Earth, available
potential energy is generated by diabatic and latent heating, then
converted into kinetic energy and finally dissipated by friction and
turbulence. The circulation is separated into three components: zonal
mean flow, transient eddies and stationary eddies (Peixoto and Oort,
1992). Stationary eddies are caused by zonal asymmetries primarily
due to land-sea distribution and orography. On an aquaplanet, sta-
tionary eddies were found to be negligible (Manabe and Terpstra, 1974;
Grose and Hoskins, 1979; Held et al., 1983).

Early attempts to assess the atmospheric dynamics in particular the
meridional circulation were made by Held and Hou (1980). They
qualitatively estimated the width of the thermally direct cell for
different terrestrial planets from basic principles. Caballero et al.
(2008) further developed the findings of Held and Hou (1980) and
introduced a semi-analytical theory for the depth, width and strength of
the thermally direct cell, which are in good agreement with GCM
simulations of Mars and Snowball Earth.

The dependence of the thermally driven flow under various rotation
frequencies (e.g. Williams and Holloway, 1982; Williams, 1988a,
1988b; Read, 2011; Kaspi and Showman, 2015; Chemke and Kaspi,
2015 and references therein), and for tidally locked configurations (e.g.
Joshi et al., 1997; Joshi, 2003; Merlis and Schneider, 2010) were
investigated using GCMs. For a slowly rotating planet, the meridional
atmospheric circulation consists of just one thermally direct cell, which
extends from the equator to the pole and maintains the meridional heat
flux. In the Northern Hemisphere, the increase of the angular velocity
leads to a deflection of poleward (equatorward) moving air to the East
(West) in the upper (lower) troposphere due to the Coriolis accelera-
tion. The faster the planet rotates, the more important baroclinic eddies
become for the meridional heat transport in the mid-latitudes. The
thermally direct cell gradually weakens, and a three-cell structure
develops, similar to that observed on the Earth. However, for rotation
rates larger than the one on Earth, the baroclinic eddies become less
efficient, since eddy length scales become small.

Other studies have investigated the impact of size and gravitational
acceleration on the atmospheric circulation and temperature distribu-
tion (Heng and Vogt, 2011; Kaspi and Showman, 2015). The latter
investigated the dependence of the meridional heat flux on a set of basic
parameters including atmospheric mass and gravitational acceleration
for an aquaplanet configuration. Increasing the atmospheric mass, they
found a weakening of the subtropical jet and an intensification of the
meridional circulation in response to increasing mass. For larger
gravitational accelerations with fixed atmospheric mass, they showed
an intensification of the meridional circulation which was in agreement
with a growth of eddy energy and an increase of equator-to-pole
temperature difference, while the three-cell pattern of the meridional
circulation remained unchanged. Here we also explore the atmospheric
circulation of potential habitable planets with mean densities at the
upper physical limit and focus on underlying mechanisms, an approach
missing in earlier studies.

The outline of the study is as follows: Section 2 introduces the model
setup, the experimental design, and the analysis methods. In Section 3,
the reference and the sensitivity experiments are described, focusing on
the meridional circulation and the underlying mechanisms. The energy
budget of the reference experiment is compared to the sensitivity
experiments in Section 4. Finally, we provide a discussion and
concluding remarks in Section 5.

2. Experimental design and methods

2.1. Model

We use the Planet Simulator developed by the Meteorological

Institute of the University of Hamburg, Germany (Lunkeit et al.,
2011). The spatial fields are represented on a spectral grid T42 which
corresponds to a resolution of about 2.8°×2.8°. The model uses 10
sigma levels up to the tropopause (100 hPa for Earth-like conditions).
This is a relatively coarse vertical resolution making this a model of
reduced complexity.

The dynamical core of the atmospheric model is based on the
dimensionless primitive equations (Hoskins and Simmons, 1975). They
include the hydrostatic approximation and the conservation of mass,
heat, and momentum (Lunkeit et al., 2011).

The shortwave radiation scheme distinguishes between clear (Lacis
and Hansen, 1974) and cloudy sky (Stephens, 1978; Stephens et al.,
1984). The longwave radiation for the clear sky is described by a broad-
band emissivity method (e.g. Manabe and Möller, 1961; Boer et al.,
1984). Longwave radiation of clouds is approximated as a grey body
depending on the cloud liquid water content.

Furthermore, a Kuo-type convection scheme is used (Kuo, 1965,
1974). The horizontal diffusion parameterisation is based on the
approach of Laursen and Eliasen (1989). The vertical diffusion,
representing the non-resolved turbulent exchange, is applied to the
horizontal wind, the potential temperature, and the specific humidity.
The turbulent fluxes of zonal and meridional momentum, heat, and
moisture are parametrised by linear diffusion along the vertical
gradient with exchange coefficients for momentum and heat. Thus,
the parameterisation follows the mixing length approach as an exten-
sion of the similarity theory used to define the drag and transfer
coefficients (Lunkeit et al., 2011; Roeckner et al., 1992). The model
includes a seasonal cycle.

2.2. Experimental setup and reference simulation

For the simulations, we use an aquaplanet configuration, which is
initialised with no sea ice cover. Further, Earth-like parameters are
used, i.e., the radius is 6371 km, obliquity is 23.4°, and angular velocity
is 7.29·10−5 s−1. The solar constant is set to 1365 W m−2 and the CO2

concentration to 360 ppm. The roughness length at the surface is 1.5·
10−5 m. The surface background albedo for open water is 0.069. The
experiments use zonally uniform, prescribed sea surface temperatures
(SST) following the approach of Neale and Hoskins (2000):

T φ T T T φ
T

( ) = + ( − )(1 − sin ), if | | <
, otherwise

,s
max

φ π
0 0

2 3
2 3

0
⎪

⎪⎧⎨
⎩ (1)

where φ is the latitude, Tmax=27 °C, and T0=0 °C. Thus, SSTs are
constant in time representing an ocean with infinite heat capacity.

For the reference simulation the gravitational acceleration is set to
g g g= ×∼

0 with g = 9.81 m s0
−2. The atmospheric dynamics on an

aquaplanet differ in some important aspects from those on Earth. The
atmospheric circulation is nearly symmetric about the equator as the
only source for interhemispheric asymmetry are the planetary obliquity
of 23.4° and the orbital eccentricity. Fig. 1 shows the 10-year means of
the zonal mean temperature and the zonal-mean zonal wind field for
g = 1∼ . As an aquaplanet has no orography, the zonal wind is generally
stronger than on Earth. The lack of orography also implies that
stationary eddies are almost absent and, thus, the transport of heat
and momentum is dominated by transient eddies (Peixoto and Oort,
1992). Nevertheless, quasi-stationary eddies (up to one month) exist in
the reference similar but much weaker and less persistent than in earlier
studies (Watanabe, 2005; Zappa et al., 2011).

For the sensitivity experiments, g∼ varies between 1
4
and 5. Realistic

values of g∼ range from 0.4 (MgSiO3, H2O) to 2.56 (Fe) for an Earth-
sized planet (Seager et al., 2007). Pure water/ice planets would have
even smaller g∼ (Dressing et al., 2015). The surface pressure is adjusted
when changing g∼ so that the atmospheric mass remains constant. All
simulations are carried out for 40 model years; typically a steady-state
of the atmosphere is reached after 4–10 years.
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2.3. Methods

To analyse circulation patterns, we use climatological annual means
based on 12-h model output of the last 10 model years. This selection
guarantees that artificial drifts from the initialisation are excluded from
the analysis. In addition to time means, zonal means and their
corresponding deviations are used (for notation see Appendix A).

To understand the atmospheric circulation, we consider the zonally
averaged velocity component v[ ] and introduce the meridional mass
stream function

∫Ψ φ p t πa φ
g

v φ p t dp( , , ) = 2 cos [ ( , , )] ,
p

ps

(2)

where p is the pressure, ps the surface pressure, a the planetary radius, g
the gravitational acceleration, and φ the latitude. Furthermore, we
describe the meridional heat transport by using the moist static energy
(MSE) flux:

vm vm v m m c T gz L q= + ′ ′ = + + ,p e (3)

where cp=1004 J kg−1 K−1 is the specific heat capacity of dry air,
L = 2.5·10 J kge

6 −1 the latent heat of vaporisation, T the temperature, z
the height, and q the specific humidity.

To quantify the drivers of the meridional circulation, we apply a β-
plane approximation in Cartesian coordinates to the meridional mass
stream function with χ y z t[ ( , , )] ≈ Ψ φ p t

πa φ
( , , )

2 cos :
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∂

,0 0 (4)

where w is the vertical wind component and ρ z( )0 is the air density. The
stream function χ y z t( , , ) satisfies the following partial differential
equation as derived by Holton (2004) (see Appendix B):
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Besides the β-plane approximation, this partial differential equation is
derived from the quasi-geostrophic equations for dry air, using the
hydrostatic approximation and the thermodynamic energy equation.
The four terms on the right hand-side indicate the drivers of the
meridional circulation: diabatic heating, eddy heat and momentum
fluxes, and zonal drag force. Note that the effects of latent heating are
ignored in Eq. (5); see Appendix B. The variable H is the standard scale
height given by

H R T
g

= · ,s

(6)

which is the maximum height over which eddies caused by baroclinic
instability transport heat (Held, 1978). In log-pressure coordinates, the
vertical coordinate is defined as

z H p
p

= − ·ln
s

⎛
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⎞
⎠⎟ (7)

and the density profile is given as

ρ z ρ z
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where ρs is the air density at the surface. Further, N is the Brunt-Väisälä
frequency given by
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where R denotes the gas constant of dry air and κ = R
cp
. J y z( , ) is the

diabatic heating rate
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X y z( , ), the zonal drag force, is the mean shear in the zonal direction

X u
t

f v u v
y

[ ] = ∂[ ]
∂

− ·[ ] + ∂[ * *]
∂

.
(11)

Note that stationary eddies are negligible due to the absence of
orography. Hence, the zonal and time mean of eddy heat and
momentum fluxes can be approximated by v T v T[ * *] ≈ [ ′ ′] and
u v u v[ * *] ≈ [ ′ ′] (Appendix C) in Eqs. (5), (10) and (11). Further, the
tendencies of temperature in Eq. (10) and of the zonal wind in Eq. (11)
are negligible for 10-year annual means.

The numerical solution of the β-plane approximation of the mass
stream function χ[ ] underestimates the strength compared to Eq. (2)
because latent heating is not taken into account (Appendix B).
However, the structure of the cell is well captured.

The solution of Eq. (5) can be represented by an appropriate double
Fourier series in y and z which satisfies the boundary conditions. In this
case, the left-hand side of Eq. (5) is proportional to χ−[ ], and for a
qualitative discussion Holton (2004) suggests

χ
y y

z y z

[ ] ∝ − ∂
∂

(diabatic heat sources) + ∂
∂

(eddy heat flux)

+ ∂
∂ ∂

(eddy momentum flux) − ∂
∂

(zonal drag force).

2

2

2

(12)

For a more comprehensive understanding, we also examine the Lorenz
energy cycle (Appendix D) of the general circulation (Section 4).

3. Influence of g∼ on the general atmospheric circulation

To assess the impact of variations of g∼ on the general atmospheric
circulation, we investigate the zonal mean meridional circulation and
its drivers using Eq. (5). We consider the reference simulation (g = 1∼ )
and compare it with the sensitivity simulations for g = 0.5∼ and 3.

3.1. General circulation and meridional temperature distribution

For the reference simulation g = 1∼ , the meridional circulation
consists of a three-cell structure in both hemispheres, with thermally
direct Hadley and polar cells and a thermally indirect Ferrel cell in
between (Fig. 2). The meridional circulation for g = 0.5∼ retains the
three-cell structure but is weaker in strength. For g = 3∼ the Hadley cell
merges with the polar cell, and a very weak Ferrel cell survives in the
lower layers of the atmosphere.

We now examine the relation between g∼ and the strength of the cells
in the Northern Hemisphere. As indicators we consider the maximum
(minimum) ofΨ for the Hadley (Ferrel) cell, and the maximum ofΨ for
φ>55°N for the polar cell.

Our extensive sensitivity experiments show that the thermally direct
Hadley cell strengthens linearly with increasing g∼ (Fig. 3a). The Ferrel

Fig. 1. The zonal-mean zonal wind (contours, interval: 5 m s−1) and temperature
(colours, unit: K) is shown as a climatological annual mean. The zonal wind field contour
goes from −8 to 52 m s−1 by 4 m s−1, where negative contours are dashed and zero
contours are thick lines.
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cell shows a different behaviour: Its absolute strength also increases,
then levels off around g≈∼ 1.2–1.4 and decreases (Fig. 3b). For g > 2.4∼ ,
the intensity of the Ferrel cell decreases rapidly and vanishes toward
g = 4∼ . For g = 0.25∼ –2.6, the strength of the Polar cell also exhibits a
linear increase and eventually merges with the Hadley cell to form a
one-cell circulation (Fig. 3c).

The increase of g∼ also changes the zonal mean temperature (Fig. 4).
With stronger g∼ the polar areas become colder, while the upper
troposphere warms. To assess these changes, we analyse the MSE fluxes
decomposed in eddy and time mean part. For g ≤ 1.4∼ , the eddy
contribution of the poleward MSE flux increases, while for larger g∼

its contribution decreases (Fig. 5a). The mean MSE energy flux becomes
the dominating contribution for large g∼ (Fig. 5b, c). The total MSE flux
increases with g∼ only up to the mid-latitudes where the subtropical jet
deflects the warm air eastward (Fig. 4 for g = 3∼ ). Hence, the cooler
polar areas that are found for g = 3∼ are not related to the atmospheric
circulation changes.

Still, the change in temperature influences the zonal wind field and
vice versa. The thermal wind balance is a good approximation to
explore the sensitivity of the eastward jet to changes in the thermal
structure of the atmosphere:

p
u
p

R
f

T
y

∂
∂

= ∂
∂

,g

(13)

where ug is the geostrophic zonal wind. The right hand side of Eq. (13)
is plotted in Fig. 6. The minimum of T

y
∂
∂

occurs around 30° latitude
coincident with the location of the subtropical jet. Both in the case of
g = 0.5∼ and g = 3∼ , the absolute value of this minimum is smaller than in
the case of g = 1∼ ; this is also true for the intensity of the subtropical jet.
The latitude of the subtropical jet remains unchanged between the
experiments at the level σ = 0.2 and 32–35° latitude (one horizontal
grid point difference), where T

y
∂
∂

changes sign. The width of the

subtropical jet stream extends poleward when g∼ increases, because
the poles become cooler and the equator warms (Fig. 4). This implies an
increase of the horizontal temperature gradient at mid- and high-
latitudes (Fig. 6) which results in a stronger zonal wind in these regions.

Fig. 7a shows the climatological annual mean of the maximum
zonal-mean zonal wind u[ ]max as a function of g∼. u[ ]max increases with
increasing g∼, levels off at g≈∼ 1.4–1.5, and decreases for large g∼. This
behaviour is similar to the intensity of the Ferrel cell (Fig. 3b).

Changes of the meridional circulation correspond to changes in the
meridional wind. To illustrate this, the maximum v[ ]max (poleward flow)
and minimum v[ ]min (equatorward flow) in Northern Hemisphere are
shown in Fig. 7b as a function of g∼. v[ ]max increases approximately
linearly with g∼, similar to the Hadley cell intensity (Fig. 3a). The
absolute value of v[ ]min also increases with growing g∼, where the
increase becomes smaller with stronger g∼. The reason for this non-
linear behaviour is that the drag force near the surface increases with

Fig. 2. Mass stream function shown with colours (interval: 2.5·1010 kg s−1) and, for
better visibility, contour lines (for ±0.1·1010, ±0.5·1010, and ±1·10 kg s10 −1). Shown are the
annual means over 10 years for g = 0.5∼ , 1, and 3.

Fig. 3. The intensity of the mass stream function Ψ for (a) the Hadley cell, (b) the Ferrel
cell, and (c) the polar cell in the Northern Hemisphere.
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increasing wind speed.

3.2. Drivers of the meridional circulation

We now examine the specific drivers of the meridional circulation
using Eq. (5) for g = 0.5∼ and g = 3∼ and compare them to the reference
simulation g = 1∼ .

An important driver is the diabatic heating rate J related to
radiative heating in the dry model of Holton (2004). In our model the
effect of the latent heating rate ( Lq

t
d
d
) is also included (Fig. 8a). This

driver is significant but limited to the tropics and the low-level
subtropics. Importantly, the pattern is qualitatively similar to J. For
the reference simulation g = 1∼ , J dominates between 30°S and 30°N.
This is the main driver of the thermally direct Hadley cell.

The thermally indirect Ferrel cell is driven primarily by the eddy
heat flux (Fig. 8c) and eddy momentum flux (Fig. 8d) but with
important contributions from the zonal drag force. For the reference
simulation g = 1∼ , around 30–60° latitude, the eddy heat flux v T[ * *]
(Fig. 8b) transfers heat poleward due to transient synoptic-scale eddies.
The eddy momentum flux u v[ * *] for g = 1∼ has a maximum at about 30°
latitude in the Northern Hemisphere. Fig. 8e shows the zonal drag force
in the zonal direction according to Eq. (11) which acts to dissipate
convergence of eddy momentum flux.

For a qualitative discussion of how the four drivers contribute to the
circulation, we consider Eqs. (5) and (12), and show in Fig. 9 the four
terms of Eq. (12) in latitude-height sections. For the reference simula-
tion, the diabatic heating term dominates at the equator (Fig. 9a). At
mid-latitudes all forcing terms have an effect; however, it is primarily a
combination of the eddy terms that lead to an enhancement of the
Ferrel cell (Fig. 9b, c). The contribution of the zonal drag force forcing
term causes a weakening of the Ferrel cell in the mid-troposphere,
whereas near the surface this forcing term contributes positively
(Fig. 9d).

For g = 0.5∼ , the pattern of the diabatic heating rate as well as the

patterns of eddy heat and momentum fluxes are similar to the reference
simulation (Fig. 8b–d). However, these drivers are weaker. This implies
that the thermally direct Hadley cell and thermally indirect Ferrel cell
become weaker as well, as shown in Fig. 2. The zonal drag force not
only weakens as the other drivers, it also changes its pattern in the
upper troposphere. The qualitative consideration for g = 0.5∼ in Eq. (5)
shows similar contributions to the meridional circulation of all four
terms (Fig. 9a–d).

For g = 3∼ , the diabatic heating rate not only changes its strength but
also its pattern compared to the reference simulation (Fig. 8b).
Radiative heating still dominates at the equator; however, in the upper
troposphere at mid-latitudes radiative cooling also dominates the
diabatic heating rate. Hence, the primary driver of the thermally direct
Hadley cell, the diabatic heating rate at the equator, becomes stronger
than in the reference simulation. Consequently, the meridional gradient
of J[ ] increases around 10° latitude which causes an enhancement of the
overturning. While the diabatic heating rate as well as its meridional
contrast between radiative warming and cooling enhances in general,
the eddy heat and momentum fluxes weaken (Fig. 8c, d). The zonal
drag force also changes both pattern and strength but not near the
surface.

The changes of the four drivers lead to corresponding changes of the
qualitative consideration of Eq. (5) for the sensitivity experiment g = 3∼ .

Fig. 4. Colours indicate temperature differences (experiment minus reference simulation;
unit: K) and contours represent zonal-mean zonal winds (interval: 5 m s−1) for g = 0.5∼

and 3. Shown are the climatological annual means using 10 years.

Fig. 5. The poleward moist static energy flux: (a) eddy, (b) mean, and (c) the total
contribution using 10-year climatological annual mean for g = 0.5∼ , 1, and 3.
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The diabatic heating rate term primarily contributes to the meridional
circulation at the equator (Fig. 9a), while both eddy forcing terms are
negligible compared to the other forcing terms (Fig. 9b, c). The zonal
drag force term becomes the strongest forcing contribution to the
meridional circulation (Fig. 9d) of Eq. (5), but the diabatic heating
remains the major driver of the Hadley cell, as the meridional
circulation of the Hadley cell is responsible for the increase of the
zonal drag force. The reason for the latter is that the meridional wind
increases with the increase of the Hadley cell. The drag force increases
due to its Coriolis force term whereas its eddy momentum contribution
(Eq. (11)) becomes negligible for large g∼ (Fig. 9c, d). The zonal drag
force acts in the direction of the flow, i.e., westward at the upper
troposphere and eastward at the lower troposphere (Fig. 8e). Hence, the
pattern of the zonal drag force is dominated by the reversed meridional
circulation as a result of the disappearance of the Ferrel cell. James and
Grey (1986) showed that an increase in bottom drag increases the mean
zonal drag force, which inhibits baroclinic instability. This is consistent
with the weakening of the Ferrell cell in our simulations. Finally, the
increase of the meridional circulation results in an increase of the zonal
drag force.

So far, we discussed the zonal and time mean of the physical
processes and the Holton approximation (Eq. (5)) for three cases of g∼.
To deepen the understanding of the underlying physical processes, we
consider the behaviour of the physical processes themselves in relation
to g∼.

To examine the diabatic heating rate, its contributions as given in
Eq. (10) are examined. The main contribution stems from c w· ·[ ]p

N H
R
·2

.
Fig. 10a shows the driver associated with diabatic heating as a function
of g∼. The radiative heating at the equator grows with larger g∼ (Fig. 8b).
The first term of Eq. (10), c ·p

T
t

∂[ ]
∂ , is negligible because we consider a 10-

year annual mean. The third term, c ·p
v T

y
∂[ * *]

∂ , represents the eddy heat
flux divergence and is also negligible in the tropics (30°S–30°N).

Turning back to the dominating term, c w· ·[ ]p
N H

R
·2

, Eqs. (6) and (9)
suggest N H g∝2 . The vertical wind speed w decreases with growing g∼,
but the dependence is weak and does not offset the proportionality with
g∼ caused by the strong increase of atmospheric stability. Thus, the
diabatic heating rate is proportional to g∼, a result that is primarily
caused by the decrease of the atmospheric scale height which is
inversely proportional to g∼. Both diabatic heating and cooling drive
the Hadley cell. The minimum (Northern Hemisphere) of the meridio-
nal derivative of J[ ] serves as a measure of the diabatic processes
strength (Fig. 10a).

Fig. 10b, c show the maximum eddy heat flux and eddy momentum
flux minima and maxima in relation to g∼. Maximum eddy heat and
momentum fluxes are evaluated in the Northern Hemisphere and the
minimum eddy momentum flux north of 30°N. Both eddy heat and
momentum fluxes show a more complex behaviour related to g∼ with
distinct relative maxima/minima that are assumed between g = 1∼ and
2. Branscome (1983) showed that the meridional eddy heat transport
depends on static stability. For g < 1∼ , the horizontal scale of the eddies
increases with N and the eddies become more effective in energy
conversion. For strong stratification, i.e., for simulations with g > 1∼ , the
eddies become shallow and the horizontal scale decreases, thus, in this
limit the increase of static stability causes a decrease of the magnitude
and vertical scale of the eddy fluxes.

4. Global energy cycle

The global Lorenz energy cycle allows further insights into the
equator-to-pole heat transport (Lorenz, 1955). The formalism is given
in Appendix D.

Fig. 11 shows the Lorenz energy cycle for g = 0.5∼ , 1, and 3 on the
aquaplanet. The circles indicate the size of the energy reservoirs and the
arrows denote the energy conversions between the reservoirs and the
sources and sinks of energy. The values are integrated over the entire

Fig. 6. Thermal wind balance (Eq. (13)): R
f

T
y

∂[ ]
∂

. Colours indicate the differences

(experiment minus reference simulation; unit: m s−1) and contours represent g = 1∼

(contours, interval: 5 m s−1). Shown are the climatological annual means using 10 years.

Fig. 7. (a) The maximum of zonal-mean zonal wind as well as (b) the maximum (black)
and absolute value of minimum (orange) zonal-mean meridional wind in relation to the
gravitational acceleration in the Northern Hemisphere using a 10-year climatological
annual mean. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)
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atmospheric mass using 10-year climatological annual mean and
divided by the planetary surface.

Considering the reference simulation g = 1∼ (Fig. 11), GZ is the only

significant energy source which generates AZ through a net heating at
the equator around 15°S–15°N latitude from the surface up to the
tropopause (Fig. 8b). Eddy kinetic energy of the circulation is then

Fig. 8. (a) The latent heating rate and the four drivers of the meridional circulation according to the right-hand side of Eq. (5) as a function of latitude and sigma level for g=∼ 0.5, 1, and 3:
(b) diabatic heating, (c–d) eddy heat and momentum fluxes, and (e) zonal drag force.
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Fig. 9. The four forcing terms of Eq. (5) with positive values indicating positive contributions to the stream function χ (clockwise meridional circulation): (a) diabatic heating, (b–c) eddy
heat and momentum fluxes, and (d) zonal drag force, as a function of latitude and sigma level for g = 0.5∼ , 1, and 3. The solid line indicates the zero line. Note that the colour scale of each
column has a different maximum magnitude.
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supplied through the baroclinic instability path in the Lorenz cycle,
very similar to present-day conditions (Lorenz, 1955; James, 1994). The
zonal mean flow KZ is maintained equally by zonal mean conversion CZ
and momentum transfer by eddies CK. The transient eddies that are
generated by baroclinic instability are also the dominating driver of the
Ferrel cell, and together they transport warm air poleward and cold air
equatorward in the mid-latitudes (James, 1994):

AZ AE KE⟶ ⟶ ⟶ ⟶
GZ CA CE DE (14)

The energy cycle and the importance of the baroclinic instability
path remain similar in the simulation for g = 0.5∼ . Regarding the
atmosphere as a heat engine, the efficiency of the atmosphere can be
estimated by the ratio of the energy generation by diabatic heating and
the mean incoming solar radiation (Peixoto and Oort, 1992) which
yields an efficiency of 0.3% for g = 0.5∼ and 0.7% for g = 1∼ . Hence, for
small g∼ the atmosphere is a less efficient heat engine which explains
why the energy reservoirs and conversions decrease compared to g = 1∼

(Fig. 11).
The change from a three-cell to a one-cell circulation is also evident

in the energy cycle. For g = 3∼ , the energy flow path changes radically,
in that the zonal mean conversion, characteristic of the Hadley cell,
becomes dominant (Fig. 11). The baroclinic disturbance weakens
compared to the reference simulation g = 1∼ leading to a weaker
conversion CA illustrating the weakening of the Ferrel cell. GZ
strengthens from g = 1∼ to 3 by a factor 2.8; with g = 3∼ , GE also
generates energy contrary to the simulation with g = 1∼ . Since the
energy generation increases with g∼, the efficiency of the atmosphere
does as well and reaches a value of 2% with g = 3∼ . While AZ for g = 3∼

significantly increases compared to g = 1∼ , the other energy reservoirs
decrease. KZ decreases as the zonal-mean zonal wind decreases as well
(Figs. 2 and 7a). AE and KE weaken due to the broadening and
strengthening of the thermally direct Hadley cell in mid-latitudes.

The energy reservoirs as a function of latitude and sigma level
(Fig. 12) provide a novel insight into the vertical distribution of the
various forms of energy in the atmosphere. For g = 0.5∼ and 1, AZ
appears at the equator at higher levels and at the poles at lower levels
(Fig. 12a) and is by far the largest energy reservoir. KZ is the second
largest reservoir and its location coincides with the subtropical jet
stream (Fig. 12b). The small reservoirs associated with the eddies are at
lower levels in the polar areas (AE), and assume a maximum at the jet
stream maximum (KE).

For g = 3∼ , the zonal mean distribution of all energy reservoirs
remains similar to the reference simulation. However, AZ only becomes
stronger at the poles (50–90° latitude), while it does not change at the

Fig. 10. (a) Minimum of J
y

∂[ ]
∂

(unit: 10−6 J kg−1 s−1 m−1) in Northern Hemisphere

shown as absolute value, (b) maximum eddy heat flux (unit: K m s−1), and (c) maximum
(black) and absolute value of minimum (orange) eddy momentum flux (unit: m2 s−2), as
function of gravitational acceleration. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)

Fig. 11. Lorenz energy cycle using 10-year climatological annual mean for g = 0.5∼ , 1, and 3. Arrows indicate orientation of conversions (unit: W m−2) and circles represent energy
reservoirs (unit: 105 J m−2). The area of the energy reservoir circles and the width of the conversion bars scale with their values. The values are rounded and accurate to three decimal
places.
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equator (Fig. 12a–d). Reasons for this behaviour are different tempera-
ture changes at the equator and in polar regions for g = 3∼ compared to
the reference simulation (Fig. 4).

To further illustrate the connection of the general circulation
presented in Section 3 and the Lorenz energy cycle, we analyse the

dependence of each energy conversion on g∼ (Fig. 13). With growing g∼

the radiative heating increases at the equator which contributes mainly
to the increase of the direct zonal mean conversion CZ (Fig. 13a). This is
the main driver of the thermally direct Hadley cell as discussed in
Section 3.2. The conversions CA and CE (Fig. 13c, d) related to the

Fig. 12. The four energy reservoirs of the Lorenz energy cycle: (a) zonal mean available potential energy AZ, (b) zonal mean kinetic energy KZ, (c) eddy available potential energy AE, and
(d) eddy kinetic energy KE, as a function of latitude and sigma level for g=∼ 0.5, 1, and 3. Note that the colour scales of zonal mean and eddy energy have different maximum magnitudes.
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baroclinic instability show a behaviour that is closely linked to the
strength of the Ferrel cell (Fig. 3b). The connection is given as CA is
dominated by the term γ v T− [ ′ ′]

a
T
φ

1 ∂[ ]
∂ (see Appendix D) which includes

eddy heat fluxes. The relation between CE and g∼ shows a broader peak
because AE is also fed by GE for large g∼ (Fig. 11). Finally, the relation
between the conversion CK and g∼ shows a similar behaviour to that of
the Ferrel cell and g∼ (Fig. 3b). The reason is that less energy is
converted to KE due to the decreased eddy heat and momentum fluxes
with increasing g∼ and consequently less KE is available to be converted
to KZ.

5. Summary and conclusion

Our study shows how the meridional atmospheric circulation on an
aquaplanet strongly depends on the relative gravitational acceleration
g∼, and hence on planetary mean density. The meridional atmospheric
circulation supplies the energy to balance the energy deficit at higher
latitudes. A three-cell structure maintains the equator-to-pole heat
transport in the reference simulation g = 1∼ . This three-cell structure
dominates the meridional atmospheric circulation up to around g≈∼ 1.4.
In the range of g = 0.5∼ –1.4, the three-cell structure and the zonal-mean
zonal wind become stronger with increasing g∼. For larger g∼, the
thermally indirect cell and the zonal-mean zonal wind become weaker,
whereas both thermally direct cells strengthen and merge.

To understand the underlying physical process of these structural
changes, the drivers of the meridional circulation and the Lorenz energy
cycle were examined. The drivers include the diabatic heating rate, the
eddy heat flux, the eddy momentum flux, and the zonal drag force.

Diabatic heating rate per unit mass is the main driver of the
thermally direct cell and it increases with g∼. Increasing g∼ enhances
the lapse rate and stabilizes the atmosphere. This is also confirmed by
the Lorenz energy cycle illustrating the importance of the direct
conversion of available potential energy to the zonal flow for large g∼.

Eddy heat and momentum fluxes are responsible for maintaining the

thermally indirect Ferrel cell. Both processes increase with g∼ but are
reduced substantially when the instability path of the Lorenz energy
cycle loses importance in comparison to the zonal mean conversion
which drives the Hadley cell.

The reason for the different response of the diabatic heating rate
(driving the Hadley cell) and the baroclinic eddies (responsible for the
Ferrel cell) to g∼ lies in the different influence of the static stability on
these drivers. Increasing g∼ reduces H in inverse proportion and linearly
increases N2, thus, increasing the diabatic heating rate. But increasing
N2 also impacts the structure of the baroclinic eddies, i.e., the
horizontal and vertical scale (Branscome, 1983). First, by increasing
static stability the horizontal eddy scale increases making them more
efficient, then after a peak efficiency, the horizontal and vertical eddy
scale decrease making them less efficient again. Further, the amplitude
of the subtropical jet and the baroclinic instability path of the Lorenz
energy cycle behave similarly in relation to g∼. The reason is that with
decreasing baroclinicity the amplitude of the subtropical jet decreases
(Peixoto and Oort, 1992).

Up to g = 1.4∼ our simulations confirm the results in Kaspi and
Showman (2015). They also showed an increase in the strength of all
atmospheric cells and a poleward extent of the Hadley cell as predicted
by Held and Hou (1980). However, applying the parameterisation of
Held and Hou (1980) to our simulations significantly underestimates
the position of the poleward boundary of the Hadley cell for large g∼

(converge to about 25° latitude). Furthermore, Kaspi and Showman
(2015) also confirmed an increase of static stability with g∼ and a
cooling of the polar areas; however, our simulations additionally show
a warming of the upper troposphere with g∼. This warming is likely
related to the fact that the radiation scheme of our model is more
complex, which also takes water vapor feedbacks into account to
estimate the optical thickness of the atmosphere. The development
from a three- to a one-cell structure in our simulations is not consistent
with the results of Kaspi and Showman (2015). However, as the Hadley
cell in their simple GCM also extends further poleward with growing g∼,

Fig. 13. The energy conversions in relation to gravitational acceleration: (a) direct zonal mean conversion CZ between zonal mean available potential energy and zonal mean kinetic
energy, (b) barotropic conversion CK between zonal mean kinetic energy and eddy kinetic energy, (c) baroclinically unstable conversion CA between zonal mean available potential
energy and eddy available potential energy and the dominate term γ v T− [ ′ ′]

a
T
φ

1 ∂[ ]
∂

, and (d) baroclinically unstable conversion CE between eddy available potential energy and eddy kinetic

energy.
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it is reasonable to assume that the one cell structure may eventually
emerge at larger g∼ in their simulations.

In the simulations carried out for this study we kept the sea surface
temperatures fixed. This simplification should be relaxed in future
experiments by using either an atmospheric module coupled to a slab
ocean or a fully dynamical ocean. This coupling would permit a
response of the sea surface temperatures and eventually ocean circula-
tion to changes in atmospheric circulation. Preliminary experiments
with a slab ocean coupled to the atmosphere suggest that the transition
from a three-cell to a one-cell structure of the atmospheric meridional
circulation remains a robust feature of the response of the atmosphere
to increasing g∼.

In summary the present study shows that not only planetary size and
angular velocity, but also the planetary density crucially determines the
structure of the atmospheric circulation and the cycling of energy
associated with it. By estimating mass and radius of terrestrial

exoplanets, the terrestrial composition of these planets may be char-
acterised (e.g. Dressing et al., 2015). The characterisation of the
planetary composition will then allow a better understanding of the
structure of the meridional atmospheric circulation on these planets.
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Appendix A. Notation for zonal and time averages and deviations

Following standard notation for a variable A, we denote time and zonal means as

∫ ∫A λ φ p
τ

A λ φ p t t A φ p t
π

A λ φ p t λ( , , ) = 1 ( , , , )d [ ( , , )] = 1
2

( , , , )d ,
τ π

0 0

2

(A.1)

and the deviations from their mean, respectively

A A A A A A= + ′ = [ ] + *. (A.2)

The global mean at a pressure level p is given by braces:

Fig. B.1. Mass stream function shown with colours (interval: 2.5·1010 kg s−1) and contour lines (for±0.1·1010, ±0.5·1010, and±1·10 kg s10 −1): (a) the mass stream function according to Eq.
(5), πa φ χ2 cos( )[ ], and panel (b) shows the accurate mass stream function given in Eq. (2). Shown are the climatological annual means using 10 years for the reference simulation g = 1∼ .
Positive values of the stream function indicate clockwise overturning and negative values indicate anti-clockwise overturning (colours, unit: kg s−1).
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∫A p t A φ p t φ φ{ ( , )} = 1
2

[ ( , , )]cos d .
π

π

− 2

2

(A.3)

Appendix B. Holton stream function

To understand the underlying physical process of the general circulation, we examine the specific drivers of the meridional circulation. By
considering a β-plane, the meridional circulation can be summarised by one differential equation (Eq. (5)) which is based on the quasi-geostrophic
equations for a dry atmosphere. This equation is compared with Eq. (2) by solving the Eq. (5) using successive overrelaxation (SOR, Press et al.,
2007). Fig. B.1a shows the mass stream function approximation on a β-plane according Eq. (5) and the accurate solution for the reference simulation
g = 1∼ . The structure of the circulation is very similar, but the approximation based on Eq. (5) underestimates the strength of the mass stream
function. The main reason for the difference is that Eq. (5) does not include latent heating which would be an additional term in Eq. (10). Latent heat
release is strong at the equator and latent cooling in the subtropics. Because the pattern is similar to J, latent heating tends to enhance the thermally
direct cell. Nevertheless, the structure is correctly represented and, thus, suitable for the examination of the meridional circulation.

Appendix C. Decomposition of the meridional flux

Taking arbitrary variables A and B, the time- and zonal-mean quantities are given by A B[ ], where the two operators are permutable:
A B A B[ ] = [ ]. The further analysis of A B[ ] by decomposition leads to

A B A B A B A B[ ] = [ ][ ] + [ * *] + [ ′ ′]. (C.1)

Taking the northward heat flux as an example to illustrate the meaning of the various terms, we may substitute A=v and B=T leading to the
common and useful expansion in observational studies of the general circulation:

v T v T v T v T[ ] = [ ][ ] + [ * *] + [ ′ ′]. (C.2)

The total heat flux is decomposed into three different transport terms associated with the mean meridional circulation, stationary eddies, and
transient eddies (Peixoto and Oort, 1992). If we take the zonal average first and then take the time average, we get

A B A B A B A B[ ] = [ ][ ] + [ ]′[ ]′ + [ * *]. (C.3)

Again taking the northward heat transport as an example, we find

v T v T v T v T[ ] = [ ][ ] + [ ]′[ ]′ + [ * *]. (C.4)

As before, the total heat flux is decomposed into three but somewhat different transport terms: the transports by the (steady) mean meridional
circulation, the transient mean meridional circulation, and the spatial eddy circulation (Peixoto and Oort, 1992). Since the two operators are
permutable, from Eqs. (C.1) and (C.3) follows A B A B[ ][ ] = [ ][ ] and A B A B A B A B[ * *] + [ ′ ′] = [ ]′[ ]′ + [ * *]. However, on an aquaplanet stationary eddies
given by A B[ * *] and (steady) mean meridional circulations given by A B[ ]′[ ]′ are negligible compared to the remaining contributions of, e.g., the
northward heat flux. Thus, on an aquaplanet we have A B A B[ ′ ′] ≈ [ * *].

Appendix D. Lorenz energy cycle

Fig. D.1 schematically shows the energy cycle of the general circulation, where boxes represent energy reservoirs and arrows indicate the
direction of conversions corresponding to the definitions below. The Lorenz energy cycle separates eddies into stationary and transient contributions.
As the stationary eddy part is negligible on an aquaplanet (Section 2.2), the Lorenz energy reservoir is reduced to four energy reservoirs summarising
the contributions of transient and stationary eddies (Eqs. (D.3), (D.7), (D.10), (D.14) and (D.17)).

Here we follow Lorenz (1967) and Ulbrich and Speth (1991).

cp: specific heat at constant pressure
g: gravitational acceleration of the planet
p: pressure
a: radius of the planet

Fig. D.1. Diagram of the global atmospheric energy cycle. Squares represent energy reservoirs and arrows indicate orientation of conversions corresponding to the definitions.
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R: gas constant
t: time
T: temperature
Tv: virtual temperature
u: zonal wind
v: meridional wind
ω: vertical p-velocity
φ: latitude
λ: longitude

Stability parameter

γ R
p p

T R
c

T
p

= − ∂
∂

[ ] − [ ]
p

−1⎛
⎝⎜

⎞
⎠⎟ (D.1)

Zonal mean available potential energy

AZ γ T T=
2

([ ] − { })2
(D.2)

Eddy available potential energy

AE A A= +SE TE (D.3)

Stationary eddy available potential energy

A γ T=
2

[ * ]SE
2

(D.4)

Transient eddy available potential energy

A γ T=
2

[ ′ ]TE
2

(D.5)

Zonal mean kinetic energy

KZ u v= 1
2

([ ] + [ ] )2 2
(D.6)

Eddy kinetic energy

KE K K= +SE TE (D.7)

Stationary eddy kinetic energy

K u v= 1
2

[ * + * ]SE
2 2

(D.8)

Transient eddy kinetic energy

K u v= 1
2

[ ′ + ′ ]TE
2 2

(D.9)

Conversion from AZ to AE

CA CA CA= +S T (D.10)

Conversion from AZ to ASE

CA γ v T
a

T
φ

ω T
p

T T R
p c

T T= − [ * *] 1 ∂[ ]
∂

+ [ * *] ∂
∂

([ ] − { }) −
·

([ ] − { })S
p

⎛
⎝⎜

⎛
⎝⎜

⎞
⎠⎟
⎞
⎠
⎟⎟

(D.11)

Conversion from AZ to ATE

CA γ v T
a

T
φ

ω T
p

T T R
p c

T T= − [ ′ ′] 1 ∂[ ]
∂

+ [ ′ ′] ∂
∂

([ ] − { }) −
·

([ ] − { })T
p

⎛
⎝⎜

⎛
⎝⎜

⎞
⎠⎟
⎞
⎠
⎟⎟

(D.12)

Conversion from AZ to KZ

CZ ω ω T T R
p

= − ([ ] − { })([ ] − { })v v
(D.13)

Conversion from AE to KE

CE CE CE= +S T (D.14)

Conversion from ASE to KSE

CE ω T R
p

= − [ * *]S v (D.15)

Conversion from ATE to KTE
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CE ω T R
p

= − [ ′ ′]T v
(D.16)

Conversion from KZ to KE

CK CK CK= +S T (D.17)

Conversion from KZ to KSE

CK u v
a

u
φ

u v u φ
a

v v
a

v
φ

u u v φ
a

ω u u
p

ω v v
p

= − [ * *] 1 ∂[ ]
∂

+ [ * *]·[ ] tan( ) + [ * *] 1 ∂[ ]
∂

− [ * *]·[ ] tan( ) + [ * *] ∂[ ]
∂

+ [ * *] ∂[ ]
∂S

⎛
⎝⎜

⎞
⎠⎟ (D.18)

Conversion from KZ to KTE

CK u v
a

u
φ

u v u φ
a

v v
a

v
φ

u u v φ
a

ω u u
p

ω v v
p

= − [ ′ ′] 1 ∂[ ]
∂

+ [ ′ ′]·[ ] tan( ) + [ ′ ′] 1 ∂[ ]
∂

− [ ′ ′]·[ ] tan( ) + [ ′ ′] ∂[ ]
∂

+ [ ′ ′] ∂[ ]
∂T

⎛
⎝⎜

⎞
⎠⎟ (D.19)

Conversion from ATE to ASE

C γ u T
a φ

T
λ

v T
a

T
φ

= − ′ ′* 1
cos( )

∂ *
∂

+ ′ ′* 1 ∂ *
∂ATE ASE−

⎛
⎝⎜

⎞
⎠⎟ (D.20)

Conversion from KTE to KSE

C u u
a φ

u
λ

u v
a

u
φ

u v u φ
a

v v
a

v
φ

u u v φ
a

u v
a φ

v
λ

= − ′ ′* 1
cos( )

∂ *
∂

+ ′ ′* 1 ∂ *
∂

+ ′ ′*· * tan( ) + ′ ′* 1 ∂ *
∂

− ′ ′*· * tan( ) + ′ ′* 1
cos( )

∂ *
∂KTE KSE−

⎛
⎝⎜

⎞
⎠⎟ (D.21)

Budget equations:

AZ
t

GZ CA CA CZ∂
∂

= − − −S T (D.22)

A
t

G CA CE C∂
∂

= + − +SE
SE S S ATE ASE− (D.23)

A
t

G CA CE C∂
∂

= + − −TE
TE T T ATE ASE− (D.24)

K
t

D CE CK C∂
∂

= − + + −TE
TE T T KTE KSE− (D.25)

K
t

D CE CK C∂
∂

= − + + +SE
SE S S KTE KSE− (D.26)

KZ
t

DZ CK CK CZ∂
∂

= − − − +S T (D.27)

The left-hand side of the budget equations must vanish in the long-term mean if the system is in steady-state. Note that energy generation and
dissipation are estimated by a residual calculation using Eqs. (D.22)–(D.26).
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