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Laliberté et al. (1) investigated atmospheric dynamics through
thermodynamic diagrams. They estimated the global atmospheric
power output W from the entropy budget using a climate model
and a re-analysis database. Unfortunately, uncertainties masked
in the thermodynamic diagrams but explicit whenW is estimated
more directly, undermine the potential of this approach for as-
sessing changes in circulation intensity. Furthermore, observa-
tions contradict the trends implied in (1) for W in a warming
climate.

Laliberté et al. (1) used the thermodynamic identity

Tds/dt ≡ dh/dt− vdp/dt+ µdqt/dt, (1)

where s is entropy, h is enthalpy, µ is chemical potential, v ≡ 1/ρ is specific
air volume and ρ is air density. Under the assumption of local thermodynamic

1



equilibrium, this identity defines ds/dt via measurable variables: pressure p,
temperature T , water mixing ratio qt and air velocity u. Laliberté et al. first
calculated Tds/dt and µdqt/dt from these variables and then used those values
to estimate work output −vdp/dt. Since Eq. (1) is an identity, this procedure
should yield the same figure as a direct assessment of −vdp/dt from p, T , qT
and u. However, unlike the direct assessment discussed below, Eq. (1) where
all variables are inseparably mixed in expressions defining s and µ, prevents
analysis of the errors involved.

Atmospheric work output per unit time W ≡ − ∫
MA v(dp/dt)dM =

− ∫
VA(dp/dt)dV , where MA and VA are the mass and volume of the atmo-

sphere, dM = ρdV . In the stationary case ∂p/∂t = 0 and dp/dt = u · ∇p. In
hydrostatic equilibrium ρg = −∂p/∂z, so we have

W = −
∫
VA

uh · ∇pdV −
∫
VA
ρw · gdV ≡ WK +D, (2)

where uh and w are horizontal and vertical velocities, u = uh +w.
Work outputW consists of two terms with different physical meaning. Wind

power WK is the rate at which the kinetic energy of wind is generated, WK ≡
− ∫
VA uh ·∇pdV (2). Precipitation power D is the rate at which potential energy

of precipitation is generated by air circulation (3, 4)

D ≡ −
∫
VA
ρw · gdV = PgHSE, (3)

whereH is the mean path length of precipitation P and SE is the Earth’s surface
area. This potential energy ultimately dissipates into heat as the hydrometeors
fall.

Precipitation power D can only be estimated in re-analyses from gradients
of mixing ratio of water vapor – see Eq. 5 in (4) – and vertical velocity. Ver-
tical velocity is reconstructed from horizontal velocities and thus associated
with a great uncertainty. Alternatively, D can be determined directly from pre-
cipitation rates at different atmospheric levels (5), but such information in the
re-analyses is missing. In contrast, wind power WK does not depend on water
vapor mixing ratio: it is determined directly from observed pressure gradients
and horizontal wind velocities.
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Huang and McElroy (6) used the same re-analysis database (MERRA) as
in (1), but estimated wind power directly from uh and ∇p to obtain WK/SE =
2.5 W m−2. Using this estimate and W/SE = 3.7 W m−2 obtained in (1) for
MERRA we find from Eq. (2) thatD/SE = 1.2 W m−2. This global mean value
for D is a gross overestimate, as it equals the mean value of D in the tropics,
where D is at its maximum (4, 5). It is 1.5 times, or by 0.4 W m−2, higher than
an independent estimate of global D based on P and H (4). This discrepancy
illustrates the well-known fact that moisture fluxes are poorly represented in re-
analyses. (Note that on a multi-decadal scale WK changes by only 0.1 W m−2

(6).) The two terms, Tds/dt and µdqt/dt, from which W is estimated in (1),
suffer from the same uncertainty as W does as they both depend on w and qt.

As total work output W in re-analyses is uncertain, an entropy budget based
on Eq. (1) to constrain W in a model cannot be meaningfully compared with
any re-analyses data. Furthermore, it is the value and behavior of WK (not W )
that is of primary interest because of the recognized mismatch between models
and observations regarding the sign of WK trends in major circulation cells in
the last three decades (7, 8). Unfortunately, as we explained, an entropy budget
does not help constrain WK from re-analyses.

Laliberté et al. calculate for the CESM model (9) that in a warming cli-
mate growing precipitation is accompanied by a decline in W . (Note that since
Eq. (1) is an identity, this result is a property of the model, not the assumptions
underlying Eq. (1)). Real-world data contradict this trend. According to Fig. 5
in (6) WK/SE increased by about 0.1 W m−2 or by 4% from 1980-1990 to
2000-2010. During approximately the same period global precipitation P has
increased by about 0.04 mm d−1 or by about 1.5% (10). The increase was great-
est in the tropics where precipitation path length H is largest (4). These data
show that during the last thirty years P , WK , D and, hence, W have all been
growing at comparable relative rates. This agrees with our theoretical proposals
whereby kinetic energy generation in the Earth’s atmosphere is proportional to
condensation rate (4, 11, 12).

Wind power WK is a measure of the dynamic disequilibrium of the Earth’s
atmosphere. In a dynamic equilibrium (e.g. under conditions of hydrostatic
and geostrophic balance) WK = 0. Entropy budget considerations allow one
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to constrain the maximum work that can be extracted under a given set of
non-equilibrium conditions (e.g. difference in temperature or chemical po-
tentials). However, equilibrium thermodynamics cannot in principle predict
whether the considered system is in equilibrium. Therefore, on Earth where
the temperature-induced tropospheric pressure gradients can be balanced by
geostrophic winds, equilibrium thermodynamics provides no insight as to why
WK might differ from zero. The obvious upper limit – the global efficiency of
solar energy conversion into useful work, which amounts to about 90% (13,14)
– is irrelevant for the determination of WK , as it is far below this thermody-
namic limit; about 1% of incoming solar radiation. This suggests that besides
having limitations as a diagnostic tool, entropy budget considerations have lim-
ited potential for predicting changes in atmospheric circulation intensity.
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