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Abstract

The concept of Maximum Potential Intensity (MPI) is widely used in tropical cy-

clone research to estimate the minimum central pressure and the maximum velocity of

tropical storms from environmental parameters. The MPI pressure derives from con-

sideration of an idealized thermodynamic cycle, while the MPI velocity additionally

requires information about real-time power and heat �ows within the storm. Recently

MPI velocity was proposed to be a substantial overestimate (by 10-30 percent) presum-

ably neglecting the power needed to lift precipitating water (the gravitational power of

precipitation). This conclusion did not involve a theoretical analysis of the MPI concept

but was based on observed hurricane rainfall to estimate gravitational power of pre-

cipitation. However, since the MPI pressure estimate does explicitly account for lifting

water, and the MPI velocity derives from this pressure, the question arises whether a

correction to MPI velocity is required. Here we represent and examine the MPI deriva-

tions in their most general form and show that although a correction to MPI velocity

is justi�ed, it is an order of magnitude or so smaller than originally proposed. We show

that the neglect of gravitational power of precipitation in the MPI velocity estimate

was caused by the incomplete formulation of the general relationship between pressure

work and dissipation of kinetic energy, taken per unit time and integrated over the

storm. We highlight the importance of an internally consistent framework to estimate

both storm energy and power and provide some perspectives for further investigating

the role of moisture.

1 Introduction

Predicting hurricane intensity is a challenge in atmospheric research. Historically, much the-
oretical attention focused on �nding upper limits on hurricane intensity (Malkus and Riehl,
1960; Holland, 1997; Camp and Montgomery, 2001). While intensity conventionally denotes
maximum sustained velocity within a storm, early theoretical studies rather sought to esti-
mate minimum central pressure known to be well correlated with maximum velocity.

Given that the hurricane is warmer than the ambient environment the idea was to retrieve
the surface pressure de�cit from this extra warmth assuming the existence of an unperturbed
atmospheric top where pressures in the hurricane and the environment coincide. Since air
pressure drops with altitude more slowly when the atmosphere is warm than when it is cold,
to arrive at equal pressures at the top of the troposphere one must start from a lower surface
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pressure in the warmer column. The height of the unperturbed top and the extra warmth of
the hurricane compared to its environment uniquely determined the surface pressure de�cit
in the storm.

Emanuel (1986) advanced beyond this static approach by noting that pressure work
(which produces the kinetic energy of wind) is constrained not only by the �rst law of
thermodynamics, but also by the Bernoulli equation that derives from the equations of
motion and continuity. Combining these two perspectives and additionally assuming that
both the generation of kinetic energy and its dissipation (proportional to the cube of velocity)
occur within the boundary layer, Emanuel (1986) thus linked work to power to estimate
maximum velocity for a given central pressure. With its explicit formulae for calculating
maximum hurricane velocity from environmental parameters, this approach became widely
used in the tropical storm community.

Emanuel (1988, 1991, 1995, 1997) further advanced the MPI concept through several
major modi�cations aimed to remedy the limitations of the original formulation. It was
not before late 2000s that several evaluations of the concept were provided by independent
theorists (Smith et al., 2008; Makarieva et al., 2010; Smith et al., 2014; Kieu, 2015). Those
studies did not consider the MPI concept in its integrity, each focusing either on its dynamic
or thermodynamic aspects. Recently, Sabuwala et al. (2015) proposed that the MPI velocity
is a substantial overestimate since it presumably does not account for lifting water vapor.

Here it is essential to note that the MPI concept comprises two distinct approaches to
storm's energetics (Fig. 1). One considers work in a steady-state thermodynamic cycle and
kinetic energy variation along a closed streamline corresponding to that cycle (units J kg−1)
(Fig. 2). Another considers real-time heat �ows and wind power (work per unit time) within
the storm (units J s−1). Emanuel (1986) calculated the minimum central pressure in the
storm using the work approach; then used the obtained value in the power approach to
calculate storm's maximum velocity. Power cannot be estimated from work without adding
the scale of time. Furthermore, proceeding from an idealized Carnot cycle to real-time heat
engines requires additional parameters describing the steady-state disequilibrium between
the heat source and the working body (e.g., Curzon and Ahlborn, 1975). At the same time
the work and power approaches are interdependent and should be combined coherently.

Here we analyze the MPI concept and show that while the energy needed for lifting water
has been accounted for in the work approach, it is not incorporated in the power approach
(Fig. 1). We show that in the presence of phase transitions the relationship between pressure
work and kinetic energy dissipation is not the same in the work and power approaches. The
omission of the gravitational power of precipitation in the MPI velocity estimate results from
neglecting this di�erence.

2 Storm's budgets of energy and power

The MPI concept views the hurricane as a thermodynamic cycle consuming heat from the
ocean (Fig. 2). Work performed in the cycle per unit mass of dry air is

−
∮
αddp = εQ, (1)

where αd ≡ 1/ρd is the speci�c volume of dry air, ρd is dry air density, Q (J kg−1) is heat
input from the ocean per unit dry air mass and ε is the cycle's e�ciency of converting heat
to work.

Additionally, the MPI concept employs the Bernoulli equation

d

(
v2

2

)
+ αdp+ gdz − f · dl = 0, (2)
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Figure 2: Logical structure of the MPI concept. Rectangular boxes enclose generally
valid statements, rounded boxes enclose assumptions specific to the MPI concept, q ≡
ρv/ρd, see text for the other notations. Dashed frames enclose terms accounting for
the energy (left column) and power (right column) needed to lift water, WP is the
gravitational power of precipitation. Relationships in the left column are those given
by Emanuel (1988). In the original paper of Emanuel (1986) the difference between α
and αd and, hence, the energy needed to lift water was neglected. Term WP in Eqs. (p3)
and (p5) was not accounted for in the MPI derivations.

Here we analyze the MPI concept from this perspective and show that while in
the work approach the energy needed for lifting water has been indeed accounted for
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Figure 1: Logical structure of the MPI concept. Rectangular boxes enclose generally valid
statements, rounded boxes enclose assumptions speci�c to the MPI concept, q ≡ ρv/ρd, see
text for the other notations. Dashed frames enclose terms accounting for the energy (left
column) and power (right column) needed to lift water, WP is the gravitational power of
precipitation. Relationships in the left column are those given by Emanuel (1988), since in
the original paper of Emanuel (1986) the di�erence between α and αd and, hence, the energy
needed to lift water was neglected. Term WP in Eqs. (p3) and (p5) was never accounted for
in the MPI derivations (Emanuel, 1986, 1988, 1991, 1995, 1997; Bister and Emanuel, 1998).
Integrals in the left column refer to the thermodynamic cycle shown in Fig. 2.

where v is air velocity, α ≡ 1/ρ, ρ is the density of moist air, f is the friction force per
unit air mass and dl = vdt, see Emanuel (1986, Eq. 64) and Emanuel (1988, Eq. C1). From
Eq. (2) we have

−
∮
αdp = −

∮
f · dl, (3)

which can be interpreted as a "balance between pressure work and dissipation in steady
�ow" (Emanuel, 1988).

To proceed from work to real-time power, one has to replace dp in Eqs. (1) and (3)
by dp/dt, where d/dt is material derivative, and integrate them over the entire hurricane
occupying volume V with total air massM and total dry air massMd. Taking into account
that dV = dMd/ρd = dM/ρ we �nd using Eq. (1) (cf. Eqs. (w1) and (p1) in Fig. 1)

−
∫

Md

αd
dp

dt
dMd = −

∫

M

α
dp

dt
dM = −

∫

V

dp

dt
dV = εJ, J ≡

∫

z≤hb

Q̇dMd. (4)
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Figure 2: A hurricane in the MPI concept. Solid curve a− c− o− o′ is the actual streamline
of air entering the hurricane at point a and leaving it at point o′; dashed curve o′ − a is the
hypothetical path closing the thermodynamic cycle a − c − o − o′ − a with two isotherms,
a− c and o− o′, and two adiabats, c− o and o′− a. As the air rises from c to o, water vapor
condenses and precipitates, water vapor mixing ratio q ≡ ρv/ρd, where ρv is water vapor
density, ρd is dry air density, declines by over two orders of magnitude. A major part of this
lost water re-appears in the cycle (as shown by waved arrows) along the hypothetical o′ − a
adiabat; in the real hurricane this imported moisture derives from evaporation outside the
storm and is picked up as the storm moves through the atmosphere. The remaining part of
moisture lost as rainfall is provided by evaporation from the sea surface (straight upward
arrows). Straight downward arrows indicate the rainfall maximum that occurs in the vicinity
of the radius of maximum wind r = rm; ro corresponding to point a is an external radius of
the storm estimated to be approximately an order of magnitude larger than rm (Emanuel,
1995, Table 1); z = hb is the height of the boundary layer.

Here J (W) is the total heat �ow from the ocean into the hurricane, Q̇ (W kg−1) is the local
heat source per unit mass of dry air, hb is the height of the boundary layer beneath which
this heat intake from the oceanic surface is assumed to occur (Fig. 2).

On the other hand, integrating the Bernoulli equation over M using the de�nition of
material derivative

dp

dt
= v · ∇p, (5)

and the continuity equation for gaseous air

∇ · (ρv) = ρ̇, (6)

where ρ̇ (kg s−1 m−3) is the volume-speci�c rate of phase transitions, we �nd

−
∫

V

dp

dt
dV = −

∫

V

F · vdV −
∫

V

ρ̇gzdV , (7)
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see Appendix for details. Here v is the velocity vector for gaseous air, F ≡ ρf is friction force
per unit air volume.

The second term in the right-hand part of Eq. (7) has the meaning of the gravitational
power of precipitation. Since condensation predominantly occurs for z > 0 (and evaporation
is concentrated at the surface z = 0), we have on average ρ̇ < 0 for z > 0. With gz
being potential energy per unit mass, this term is positive and represents the rate at which
condensation creates condensate with potential energy gz. For the real-time energy �ows in
the atmosphere pressure work per unit time given by the �rst term in Eq. (7) is not balanced
by production/dissipation rate of kinetic energy alone but by the production/dissipation rate
of kinetic energy and the gravitational power of precipitation.

To our knowledge, equation (7) and its derivation (Appendix) have not been previously
described. While Pauluis et al. (2000) proposed that total atmospheric power should be equal
to the sum of kinetic energy production/dissipation and the gravitational power of precipi-
tation, they did not show that total atmospheric power is equal to −

∫
V(dp/dt)dV . Thus, the

idea that pressure work is balanced by kinetic energy dissipation as per Eq. (3) and the com-
mon use of continuity equations with a zero source term ρ̇ = 0 caused a misinterpretation of
−
∫
V(dp/dt)dV for the rate of kinetic energy production and dissipation (e.g., Pauluis, 2015).

This caused overestimation of the rate of kinetic energy production in the MPI concept as
discussed below.

3 MPI velocity estimate

Combining Eqs. (4) and (7) we �nd

WK =

(
ε− WP

J

)
J, (8)

where WK (W) is the rate of kinetic energy production and dissipation and WP (W) is the
gravitational power of precipitation:

WK ≡ −
∫

V

F · vdV , WP ≡ −
∫

V

ρ̇gzdV > 0. (9)

Equations (1)-(9) that we have so far considered are generally valid. Speci�c to the MPI
concept is the assumption that dissipation of kinetic energy predominantly occurs in the
boundary layer, such that ∮

f · dl =
∫ c

a

f · dl (10)

in energy units (see, e.g., Eq. C4 of Emanuel (1988) where the last minor term is commonly
neglected) and

WK ≡ −
∫

M

f · dl
dt
dM = −

∫

z≤hb

F · vdV =

∫

S

ρCDv
3dS (11)

in power units (e.g., Eq. 7 of Emanuel, 1997). Expression under the last integral in Eq. (11)
is the local dissipation rate in the boundary layer per unit surface area, CD ∼ 10−3 is a
dimensionless coe�cient, the integration is made over area S occupied by the hurricane.

For the heat input from the ocean the MPI concept uses the following relationship (see,
e.g., Emanuel, 1995, Eq. 3):

J =

∫

S

ρCkv(k
∗
s − k)dS, (12)

where Ck ∼ 10−3, k∗s (J kg−1) is saturated enthalpy of air at surface temperature and k is
the actual enthalpy of air in the boundary layer.
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Combining Eqs. (8), (11) and (12), we �nd∫

S

ρCDv
3dS = εK

∫

S

ρCkv(k
∗
s − k)dS, εK ≡ ε− WP

J
< ε. (13)

A major assumption within the MPI concept is that Eq. (13) (but with εK replaced by ε)
holds for the expressions under the integral in the region of maximum velocities (Emanuel,
1997), such that from Eq. (13) we would have

v2max = εK
Ck

CD

(k∗s − k). (14)

We discuss this assumption below. Here we note that ε and εK are not local characteristics
but those of the thermodynamic cycle and the considered closed air trajectory as a whole.
Therefore, if the major inputs into Eq. (13) are indeed made in the region of v = vmax,
as assumed in the MPI concept, the reduction of e�ciency and replacement of ε by εK in
Eq. (13) will also apply to the velocity estimate vmax (14).

We can represent the gravitational power of precipitation as

WP = PgHP , (15)

where HP is the mean height at which condensation occurs (Gorshkov and Dol'nik, 1980;
Pauluis, 2011; Makarieva et al., 2013) and P (kg s−1) is total precipitation over area S of
the storm.

For the oceanic heat input we have

J = JS + JL = (B + 1)PL, (16)

where JS and JL are �uxes of sensible and latent heat, respectively; B ≡ JS/JL is the Bowen
ratio, L = 2.5× 106 J kg−1 is the latent heat of vaporization and P is rainfall here assumed
to be equal to the �ux of evaporation to be consistent with the steady-state MPI concept.

From Eqs. (13), (15) and (16) we �nd

εK = ε− gHP

(B + 1)L
. (17)

Mean precipitation height HP can be calculated from the equation of moist adiabat and
depends on surface temperature Ts, the incompleteness of condensation ζ and, to a lesser
degree, on surface relative humidity (Makarieva et al., 2013). We assume that moist air
having temperature Ts and relative humidity 80% at the surface �rst rises dry adiabatically
up to height z1 where water vapor becomes saturated. Then it rises moist adiabatically to z2,
where condensation ceases. At z2 the air preserves share ζ of its initial water vapor content,
ζ ≡ γ(z2)/γs = γ(z2)/γ(z1). Here γ ≡ pv/p, where pv is water vapor partial pressure and
p is air pressure. Moist adiabatic distributions of γ(z) and p(z) with ps = 1000 hPa, where
subscript s denotes surface values, were calculated according to Eqs. (A3)-(A5) of Makarieva
et al. (2013)

For Ts ranging from 260 to 310 K and for ζ ranging from 0.001 (almost complete con-
densation) to 1/2, we estimated mean condensation height as

HP (Ts, ζ) =
1

γ(z2)− γ(z1)

∫ z2

z1

z
∂γ

∂z
dz. (18)

Height HP grows with increasing temperature but even for complete removal of water
vapor from the air, which always occurs if the air rises above 16 km, as is often the case in
hurricanes, HP does not exceed 6 km (Fig. 3).

For a typical Bowen ratio of 1/3 (Jaimes et al., 2015) with HP = 6 km we obtain
from Eq. (17) that the gravitational power of precipitation reduces εK compared to ε by
gHP/L ∼ 0.018 at most. With ε for hurricanes viewed as Carnot cycles being around 0.3
(Emanuel, 1986; DeMaria and Kaplan, 1994), this represents a 6% reduction to ε and a 3%
reduction to velocity vmax (14). For circulations with a smaller ε the relative reduction would
be larger.
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Figure 3: The upper condensation level z2 (a), lower condensation level z1 and mean con-
densation height HP (18) (b), as dependent on surface temperature Ts and incompleteness
of condensation ζ calculated following Makarieva et al. (2013).

4 Results of Sabuwala et al. (2015)

Sabuwala et al. (2015) investigated how accounting for the gravitational power of precipi-
tation can reduce maximum velocity compared to its MPI estimate. They did not present
a theoretical estimate of εK but used instead empirical TRMM data on hurricane rainfall
in the vicinity of maximum velocity. Their conclusion was a 10-30% reduction in velocity,
which is signi�cantly higher than our estimate of 3%.

This discrepancy appears linked to two problems in the analysis of Sabuwala et al. (2015).
First, they used local values of rainfall measured in the vicinity of maximum velocity, while
the reduction pertains to the considered cycle as a whole and thus should be estimated
using mean rainfall within the storm. Mean rainfall within the outermost closed isobar as
estimated from TRMM data is several times lower than maximum rainfall in the vicinity of
the radius of maximum winds. For North Atlantic hurricanes it is 2 mm hr−1 within 400 km
and about 8 mm hr−1 within 100 km which includes the radius of maximum wind (see, e.g.,
Fig 4j of Makarieva et al., 2017a).

Second, of this rainfall only about one quarter or third is represented by moisture evapo-
rated within the outermost closed isobar. The major part of precipitating water is imported
from outside (Makarieva et al., 2017a). The MPI concept does not explicitly account for this
imported moisture as it views the hurricane as a steady-state thermodynamic cycle with
moisture provided locally by evaporation from the ocean. This imported moisture is, how-
ever, implicitly accounted for by considering the hypothetical adiabat o′ − a to be part of
the hurricane's thermodynamic cycle (Fig. 2).

Along o′ − a the moisture content of the hypothetically descending air rises by over two
orders of magnitude. In this region, i.e. outside the radius of the outermost closed isobar ro
(Fig. 2), there is a characteristic clear-sky moat (Frank, 1977; Makarieva et al., 2017a). Thus
this increase of moisture content cannot occur due to "mixing with cloudy air" (cf. Pauluis
and Zhang, 2017). Indeed, most moisture condensing within the hurricane precipitates and
cannot serve as a source of water vapor for the descending air. The vertical distribution of
humidity along the o′ − a path is in fact provided by evaporation and convection outside
the storm. These moisture stores are picked up by the hurricane as it moves through the
atmosphere. As the moisture is imported with its own gravitational energy, the storm does
not need to spend energy and power to raise this water.

This issue was addressed by Emanuel (1988) within the work approach (see the left
column in Fig. 1). Comparing Eqs. (3) and (7) (cf. also Eqs. (w3) and (p3) in Fig. 1) we can
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see that while the integrals of αdp and f · dl (J kg−1) over closed streamlines coincide, the
integrals of αdp/dt and f ·dl/dt (W kg−1) over the hurricane mass are not equal. The reason
is that integration over the closed streamline is made for a constant unit mass. Meanwhile in
the real-time atmosphere in the presence of phase transitions there is simultaneously more
gas rising and expanding (positive work) than descending and compressing (negative work).
The di�erence between these amounts of gas is what accounts for the gravitational power of
precipitation.

Accordingly, Emanuel (1988) showed that work of the thermodynamic cycle is equal to the
sum of kinetic energy generation and the net work of rising (expanding) versus compressing
(descending) water vapor expressed by the term

∮
αqdp, see Eqs. (w2) and (w5) in Fig. 1.

Emanuel (1988) indicated that the term accounting for water lifting energy is proportional
to the di�erence in the water pro�les of the air rising along c−o path and the environmental
air along the hypothetical path o′ − a (Emanuel, 1988, see Appendix C and Eq. (C12)).
Recently Pauluis and Zhang (2017) repeated these derivations to retrieve the energy needed
to lift water from a numerical hurricane model. Neither Emanuel (1988) nor Pauluis and
Zhang (2017) estimated the contribution of WP theoretically (this requires an estimate of
HP as per Fig. 3).

Thus, within the work approach which allows the estimation of hurricane's pressure pro�le
and its minimum central pressure pc (which in turn impacts the value of saturated enthalpy
k∗s in the expression for vmax, see Eq. (w5) in Fig. 1) the energy needed to lift water was
accounted for by Emanuel (1988). This requires recognizing the di�erence between α and
αd (Fig. 1) which was not accounted for in the original paper by Emanuel (1986) and in
subsequent papers (e.g., Emanuel, 1991). Indeed, while local values of αd and α are very
close (the di�erence is of the order of water vapor mixing ratio q ∼ 10−2), their integrals
over the closed cycle di�er by an amount comparable to the two integrals themselves: all
terms in Eq. (w2) in Fig. 1 can be of the same order of magnitude. In the power approach
the gravitational power of precipitation has not been so far accounted for.

Returning to the estimates of Sabuwala et al. (2015), overestimating the surface-speci�c
rainfall in (15) is equivalent to overestimating HP in (17) by the same factor. Using local
rainfall instead of mean hurricane rainfall (the overestimate factor of about 4) and all rainfall
instead of rainfall provided by evaporation from the hurricane (the overestimate factor of
3-4), they should have overestimated the actual correction to vmax by an order of magnitude.
This explains the di�erence between their maximum proposed reduction of 30% and our
estimate of 3%.

5 Discussion

We have shown that the reduction in MPI velocity estimate associated with the gravitational
power of precipitation was previously overestimated but that this can be addressed using
Eq. (7). This equation shows that, unlike in the work approach where the work due to pressure
is balanced by frictional dissipation (Eq. (w3) in Fig. 1), in the power approach work per
unit time of the pressure gradient forces is balanced by the rate of frictional dissipation of
kinetic energy plus the gravitational power of precipitation (Eq. (p3) in Fig. 1).

The relationships summarized in Fig. (1), and the results we derived from them, includ-
ing Eq. (7), are general as they are based on only the �rst law of thermodynamics and
the equations of motion and continuity. This approach thus avoids additional assumptions,
for example, the assumptions of thermal wind and of hydrostatic balance as employed by
Emanuel (1986) following the ideas of Kleinschmidt Jr. (1951). Our relationships can there-
fore be used to check the consistency of other derivations within this general framework.
Given the prominence of the MPI concept in the tropical storms research we believe that
it would be useful to re-visit the other assumptions within the concept in the view of the
constraints imposed by a simultaneous consideration of Eqs. (w1)-(p6) in Fig. 1. Below we
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outline several perspectives for such an analysis.
First, the MPI concept is based on a relationship between angular momentum and moist

entropy used to justify the transition from the integral equation (11) to the local equation
(14). This logic is based on the following assumptions: 1) that air at z = hb (height of
the boundary layer) is saturated; 2) that it is isothermal and 3) that air at z = 0 is also
isothermal (for details see Emanuel, 1986, in particular, the �rst two unnumbered equations
on page 589, right column). At the same time, Eq. (w6) in Fig. 1 shows that the air moving
from a to c increases its water vapor content, i.e. q grows from a to c. It is easy to see that
these four conditions, air saturated and isothermal at z = hb, air isothermal at z = 0 and q
at z = hb growing from a to c are not compatible with each other. (In brief, for the isothermy
at both z = 0 and z = hb to be satis�ed, the lapse rate below z = hb must be the same
everywhere; i.e. it must be dry adiabatic (since at di�erent q the moist adiabatic lapse rate
will not be the same). However, saturation height z1 for a given temperature depends on
q: the higher the q, the lower the saturation height; when q is saturated, z1 = 0. So, if q
increases from a to c, the level at which it becomes saturated diminishes. Thus, if at point
c the air is saturated at z = hb but not below, it cannot be saturated at point a (with a
smaller q) at the same height z = hb, thus the �rst condition is violated.)

Second, since the MPI concept assumes that the surface air is isothermal, and there is
no other reason for this isothermy rather than the isothermal oceanic surface, the concept
presumes that the temperature of the surface air and the ocean coincide (see, e.g., Holland,
1997, Table 1, third row, forth column). This means that the �ux of sensible heat JS from
the ocean to the hurricane is absent. All energy input consists in the �ux of latent heat JL.
However, the �rst law of thermodynamics (w6) in Fig. 1 shows that total heat Q input into
the air as it moves from a to c is not con�ned to latent heat alone QL =

∫ c

a
Ldq. It also

includes the term αddp: the air expands but remains isothermal gaining heat from somewhere
beyond latent heat input. Thus, while the MPI assumption that the temperature of surface
air coincides with that of the ocean prescribes that sensible heat input is zero, latent heat
alone cannot account for the observed isothermal expansion of air parcels. To our knowledge,
this problem was not explicitly acknowledged, but Bister and Emanuel (1998) suggested that
there is an extra source of heat: it is the dissipation of kinetic energy generated within the
hurricane (see discussion by Makarieva et al., 2010; Bister et al., 2011; Kieu, 2015).

Bister and Emanuel (1998) formulated this extra heat source within the power approach.
Considering it within the work approach reveals the following issue. Generation of kinetic
energy, αdp and sensible heat input αddp practically concide at the isotherm a− c because
of the smallness of q. If at some point x we have −

∫ x

a
αddp = −

∫ x

a
αdp = −

∫ x

a
f · dl, this

means, according to the Bernoulli equation (2), that
∫ x

a
dv2 = 0. In other words, if the energy

generated by pressure work −αdp is dissipated by friction −f · dl to account for the missing
sensible heat αddp, air velocity in the hurricane cannot rise as the air moves from a towards
the center, which contradicts observations. This emphasizes the need to jointly consider both
work and power approaches when formulating MPI (Makarieva et al., in preparation).

Third, we believe that the MPI concept may have a broader dynamic interpretation not
con�ned to the Carnot cycle or a steady-state case it has so far been linked to. As the air
leaves the boundary layer, it must have su�cient energy to �ow away from the hurricane. This
energy can be provided by a pressure gradient in the upper atmosphere (Makarieva et al.,
2017c): if the air pressure in the column above the area of maximum wind is higher than in
the ambient environment, it will accelerate the air outward. However, a signi�cant pressure
de�cit at the surface precludes the formation of a signi�cant pressure surplus aloft. On the
other hand, namely this pressure de�cit is what accelerates the hurricane air in the boundary
layer. Given that the air as it leaves the boundary layer possesses a certain kinetic energy, we
can require that this energy is spent to overcome the negative pressure gradient in the upper
atmosphere. Thus, the air will be �owing outward not at the expense of a pressure gradient
but against it, at the expense of accumulated kinetic energy (propelled by the centrifugal
force). Maximum intensity in this case will be determined from the condition that the kinetic
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energy accumulated at the expense of pressure de�cit at the surface is enough to overcome
the pressure surplus in the upper atmosphere for the air to �ow away. This condition should
be a valid upper limit to hurricane intensity for any type of air interaction with the ocean,
steady and non-steady circulations alike. As we discuss elsewhere, the MPI concept in its
dynamic part expresses these ideas and thus, in a properly modi�ed form, should have a
broader generality than so far assumed (Makarieva et al., in preparation).

Forth, the hurricane can be divided into two zones. One is r ≥ rm where the air moves
across the isobars and the kinetic power is generated. The other is the eye, which can be
approximated by solid body rotation (e.g., Emanuel, 1997) with a non-zero energy store but
zero power. The pressure drop observed across the hurricane likewise consists of two parts: the
pressure drop within the eye represents a store of potential energy equal to the kinetic energy
of the eye; no power is generated here. The pressure drop from the ambient environment to
the outer border of maximum wind, which is less than a half of the total pressure drop, is
what actually generates hurricane power (of which a minor part goes to maintain the slowly
dissipating energy store within the eye). Recognition of this spatial division into the energy
and power zones is essential for understanding hurricane's energetics.

Fifth, and arguably most important, Sabuwala et al. (2015) demonstrated using empir-
ical data that hurricane intensity is correlated with rainfall intensity. Furthermore, there
is a growing body of evidence revealing correlation between external moisture supply and
hurricane power (Krishnamurti et al., 1993, 1998; Fritz and Wang, 2014; Ermakov et al.,
2014, 2015; Fujiwara et al., 2017). However, a qualitative let alone quantitative explanation
of these patterns remains elusive. As mentioned by Sabuwala et al. (2015), one explanation
found in the literature is that a higher hurricane intensity is caused by a higher intensity of
latent heat release. Besides storms research, this logic is employed in a number of studies
exploiting the role of moisture in ocean-to-land monsoon-like circulations (Levermann et al.,
2009; Herzschuh et al., 2014; Levermann et al., 2016; Boers et al., 2017). However, as re-
cently pointed out by Boos and Storelvmo (2016b), who quoted Emanuel et al. (1994), see
also Boos and Storelvmo (2016a), the idea that a more intense release of latent heat makes
the atmosphere warmer represents "an in�uential and lengthy dead-end road in atmospheric
science". Indeed, the steady-state pressure gradients associated with latent heat release are
independent of the intensity of rainfall; they only depend on the steady-state di�erence in
the amounts of moisture between the rising air and its environment. Again, work/energy
and power approaches are confused here.

Thus, a more intense release of latent heat cannot explain the observed correlation
between the circulation intensity and rainfall in either hurricane or monsoon studies. At
this moment the only concept that provides a quantitative explanation for this pattern is
condensation-induced dynamics (Makarieva et al., 2014, 2015). Here the key process is the
positive feedback between the radial air motion and the pressure drop at the surface associ-
ated with condensation and hydrostatic adjustment. As the air streams towards the hurricane
center and ascends, the water vapor condenses and the air pressure drops. The key numerical
scale for this process is the saturated partial pressure of water vapor at the surface (40 hPa
at 30 oC), which gives the maximum pressure drop in the power region of the hurricane. This
approach requires greater attention from the meteorological community.

Appendix A: Deriving Equation (7)

For any quantity X we can write

ρ(v · ∇)X = (∇ · v)Xρ−X∇ · (ρv) = (∇ · v)Xρ−Xρ̇, (A.1)
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where in the last equality the steady-state continuity equation (6) has been applied. Using
the de�nition of material derivative (5) and the divergence theorem we obtain from (A.1)

∫

V

ρ
dX

dt
dV = −

∫

V

ρ̇XdV . (A.2)

We have assumed that the circulation is closed such that
∫
v · ndS = 0, where S is the

bounding surface of the circulation and n is the unit normal vector.
Bernoilli equation (2) in the form

ρ
dK

dt
= −dp

dt
+ ρg ·w + F · v, (A.3)

where K ≡ v2/2 is kinetic energy per unit air mass, is obtained from the steady-state
equations of motion

ρ
dv

dt
= −∇p+ ρg + F, (A.4)

by taking their scalar product with gas velocity vector v.
Noting that g = −g∇z and using (A.2) with X = z we obtain for the volume integral of

the second term in the right-hand part of (A.3)

∫

V

ρg ·wdV = −
∫

V

ρg
dz

dt
dV =

∫

V

ρ̇gzdV . (A.5)

Using (A.2) with X = K and integrating (A.3) over V we �nd

−
∫

V

dp

dt
dV

︸ ︷︷ ︸
A

= −
∫

V

F · vdV

︸ ︷︷ ︸
B

−
∫

V

ρ̇gzdV

︸ ︷︷ ︸
C

−
∫

V

ρ̇KdV

︸ ︷︷ ︸
D

. (A.6)

Work of atmospheric pressure gradients per unit time (A) is balanced by dissipation of kinetic
energy (B), production of the gravitational power of precipitation (C) and production of
the kinetic power of gas that is converted to liquid (D). We have neglected the condensate
loading in the equations of motion (A.4), which implies that all condensate is instantaneously
removed from the atmosphere. Consideration of condensate loading requires a speci�cation
of how it interacts with the air (Makarieva et al., 2017b). The resulting term is however
small relative to C and can be neglected.

Since typical values of z where condensation occurs are z ∼ 5 km, we have gz � K for
any realistic values of v. Even in hurricanes with v ∼ 60 m s−1, K is only about 4% of gz.
Thus term D in (A.6) can be neglected without losing accuracy.
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