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Abstract. Much of our understanding of atmospheric circu-
lation comes from relationships between aspects of the cir-
culation and the mean state of the atmosphere. In particular,
the concept of mean available potential energy (MAPE) has
been used previously to relate the strength of the extratropi-
cal storm tracks to the zonal-mean temperature and humidity
distributions. Here, we calculate for the first time the MAPE
of the zonally varying (i.e., three-dimensional) time-mean
state of the atmosphere including the effects of latent heating.
We further calculate a local MAPE by restricting the domain
to an assumed eddy size, and we partition this local MAPE
into convective and nonconvective components. Local con-
vective MAPE maximizes in the subtropics and midlatitudes,
in many cases in regions of the world that are known to have
intense convection. Local nonconvective MAPE has a spa-
tial pattern similar to the Eady growth rate, although local
nonconvective MAPE has the advantage that it takes into ac-
count latent heating. Furthermore, the maximum potential as-
cent associated with local nonconvective MAPE is related to
the frequency of warm conveyor belts (WCBs), which are
ascending airstreams in extratropical cyclones with large im-
pacts on weather. This maximum potential ascent can be cal-
culated based only on mean temperature and humidity, and
WCBs tend to start in regions of high maximum potential as-
cent on a given day. These advances in the use of MAPE are
expected to be helpful to connect changes in the mean state
of the atmosphere, such as under global warming, to changes
in important aspects of extratropical circulation.

1 Introduction

The extratropical atmospheric circulation is dominated by
baroclinic eddies that draw their energy from the mean avail-
able potential energy (MAPE) of the atmosphere. MAPE is
the maximum amount of kinetic energy that could be re-
leased by reversible moist adiabatic motion starting from the
mean state of the atmosphere, and it is calculated as the dif-
ference between the integrated enthalpy of the mean state
and a hypothetical reference state (Lorenz, 1955, 1978). The
reference state is the minimum-enthalpy state that can be
attained through reversible moist adiabatic rearrangements.
MAPE accounts for the competing effects of the static sta-
bility, meridional temperature gradient, and moisture content
on the energy available to circulations including extratropical
cyclones.

Previous work has shown that the overall strength of the
extratropical storm tracks as measured by eddy kinetic en-
ergy (EKE) is related to MAPE calculated from the zonal-
mean state of the atmosphere. EKE scales linearly with
MAPE in simulations with idealized climate models over
a wide range of climates (Schneider and Walker, 2008;
O’Gorman and Schneider, 2008; O’Gorman, 2011); in simu-
lations with comprehensive climate models of global warm-
ing (O’Gorman, 2010) and solar geoengineering (Gertler
et al., 2020), over the observed seasonal cycle (O’Gorman,
2010); and in the observed weakening trend of the North-
ern Hemisphere summertime storm track over recent decades
(Gertler and O’Gorman, 2019). In targeted idealized simula-
tions with isolated thermal forcings, the linear relation be-

Published by Copernicus Publications on behalf of the European Geosciences Union.



362 C. G. Gertler et al.: Available potential energy and aspects of circulation

tween EKE and MAPE can break down, but it still performs
better in predicting changes in EKE than changes in merid-
ional temperature gradient or static stability alone (Yuval and
Kaspi, 2017). Thus MAPE calculated from the zonal-mean
state has proven useful to connect aspects of storm-track be-
havior to the mean temperature and humidity.

MAPE is most often calculated over a hemisphere and
allowing for any type of circulation, but restrictions have
also been imposed on the parcel rearrangements in order to
isolate particular contributions to MAPE in the atmosphere
and ocean. For the atmosphere, a nonconvective MAPE has
been proposed which does not permit vertical reordering
of air originating at a given latitude, thereby limiting the
release of convective instability (O’Gorman, 2010; Gertler
and O’Gorman, 2019; Gertler et al., 2020). Nonconvective
MAPE is thought to be more strongly related to large-scale
EKE because kinetic energy generated by convective insta-
bility may be rapidly dissipated locally before any upscale
energy transfer occurs (O’Gorman, 2010). A corollary to
nonconvective MAPE, convective MAPE is defined as the
difference between MAPE and nonconvective MAPE and
has been interpreted as the energy available for moist convec-
tion driven by larger-scale circulations such as extratropical
cyclones or other baroclinic storms (Gertler and O’Gorman,
2019). For the ocean, an eddy-size-constrained MAPE has
been proposed in which no parcel may be displaced by a hor-
izontal distance larger than the local eddy size (Su and Inger-
soll, 2016). This eddy-size constraint takes into account that
baroclinic eddies are generated by local parcel movement at
the eddy length scale, and the spatial pattern of available po-
tential energy density with the eddy-size constraint matches
the spatial pattern of EKE in the Southern Ocean (Su and
Ingersoll, 2016).

In this paper, we calculate for the first time MAPE based
on the three-dimensional state of the atmosphere including
moisture, and we calculate the nonconvective and convec-
tive contributions to this three-dimensional MAPE. We also
want to consider a local version of MAPE, but when we ap-
plied the eddy-size constraint approach of Su and Ingersoll
(2016) to the atmosphere, the global optimization was over-
whelmed by ascent in the deep tropics, where enthalpy is
generally largest. As an alternative approach, we introduce
a local MAPE that is calculated on a subdomain chosen to
have a horizontal extent similar to that of a typical extratropi-
cal cyclone. By restricting parcel motions to a subdomain, lo-
cal MAPE imposes a horizontal constraint on parcel motions
that is similar to the eddy-size constraint of Su and Inger-
soll (2016) but does not allow the ascent to be dominated by
the tropics, and we investigate the properties of local MAPE
including both nonconvective and convective local MAPE.

We find that local convective MAPE maximizes in sub-
tropical and midlatitude regions, in many cases in the re-
gions of the world with intense convection (Brooks et al.,
2003; Zipser et al., 2006). This spatial distribution stands
in contrast to the climatology of convective available po-

tential energy (CAPE), which maximizes in the deep trop-
ics (Riemann-Campe et al., 2009). Convective MAPE is cal-
culated from the three-dimensional state of the atmosphere
including horizontal gradients of temperature and moisture.
Thus it is physically plausible that local convective MAPE
could have relevance to organized convective storms which
are known to depend on vertical wind shear (which is pro-
portional to horizontal temperature gradients through ther-
mal wind balance) and moisture availability in addition to
vertical measures of conditional instability like CAPE (Liu
et al., 2020). To investigate this connection further, we make
a comparison of the spatial distribution of convective MAPE
to the occurrence of intense convection events as measured
by the Global Precipitation Measurement (GPM) mission
core satellite (Hou et al., 2014) using a database described
in Liu and Zipser (2015).

We furthermore explore how the parcel rearrangements in-
volved in calculating local MAPE can provide insight into
the dynamics of the extratropical storm tracks. We show here
that these parcel rearrangements can be used to identify a
thermodynamic potential for warm conveyor belts (WCBs).
WCBs are strongly ascending airstreams that originate in the
atmospheric boundary layer in the warm sector of an ex-
tratropical cyclone and typically move polewards while as-
cending to levels near the tropopause. WCBs play a large
role in cloud and precipitation formation and in the trans-
port of energy and air pollution (Browning, 1990; Stohl et al.,
2002), and they are responsible for many extreme precipita-
tion events in the extratropics (Pfahl et al., 2014). Most ex-
tratropical cyclones are associated with a WCB in Northern
Hemisphere winter, while the fraction of cyclones associated
with a WCB is much lower in Northern Hemisphere summer
when the atmosphere is moist but EKE is weak, and cyclones
near the coast of Antarctica are rarely associated with a WCB
presumably because of low humidity in that region (Eckhardt
et al., 2004). Here, we make use of the WCB climatology of
Madonna et al. (2014), which identifies WCBs as Lagrangian
trajectories of air parcels that occur in the vicinity of an extra-
tropical cyclone and experience ascent of more than 600 hPa
within 2 d. This is a relatively strict criterion that identifies
strong ascent involving moist processes. We demonstrate that
regions of frequent WCBs correspond to regions of large as-
cent between the mean state of the atmosphere and the refer-
ence state in the calculation of nonconvective local MAPE,
thus making a link between WCB formation and the mean
temperature and moisture of the atmosphere.

The paper proceeds as follows. In Sect. 2, we describe
the reanalysis data, GPM database, and WCB climatology
that are used in the paper. In Sect. 3, we describe the meth-
ods used to calculate the three-dimensional MAPE of the
atmosphere, including the imposition of nonconvective and
local restrictions. In Sect. 4, we present results for three-
dimensional atmospheric MAPE with and without the non-
convective and local restrictions, including a comparison to
the Eady growth rate and the occurrence of intense convec-
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tion. In Sect. 5, we relate the parcel ascent in the calculation
of nonconvective local MAPE to a WCB climatology and to
daily WCB activity. In Sect. 6, we discuss the results, present
brief conclusions, and propose avenues for future work.

2 Reanalysis data, GPM database, and WCB
climatology

All MAPE calculations and the comparison to the Eady
growth rate are based on the ERA-Interim reanalysis dataset,
a global atmospheric reanalysis produced by the European
Center for Medium-Range Weather Forecasts (Dee et al.,
2011). We use temperature, relative humidity, wind, and sur-
face pressure data. In most cases, we use monthly data at a
horizontal grid spacing of 0.75◦× 0.75◦ and at 37 pressure
levels. However, for daily MAPE, we use 6-hourly data at a
horizontal grid spacing of 2.5◦× 2.5◦ and at 37 pressure lev-
els. Unless otherwise noted, all time means are over 1979–
2018. Data at levels below the surface are removed.

To compare local convective MAPE to the regions of fre-
quent intense convection, we use the GPM precipitation fea-
ture database introduced by Liu and Zipser (2015). Specif-
ically we use precipitation features based on Ku radar re-
trievals over the years 2015–2021, and we plot features with
high 40 dBZ echo top heights to identify the occurrence of
intense convection.

In addition, we compare data to the WCB climatology de-
veloped by Madonna et al. (2014), which has been extended
in time since publication to cover the time period 1979–2018.
WCB trajectories are identified in ERA-Interim as strongly
ascending air parcels (600 hPa in 2 d) that occur in the vicin-
ity of an extratropical cyclone. A trajectory is deemed to be
within the vicinity of an extratropical cyclone if it is within
the horizontal area bounded by the outermost closed contour
of sea level pressure for at least one 6-hourly time step during
the 2 d period of strong ascent.

3 Calculation of MAPE

This section describes the methods we use to calculate
MAPE of the three-dimensional time-mean state of the at-
mosphere. The main challenge is to calculate the parcel rear-
rangement leading to the reference state (i.e., the minimum-
enthalpy state), and the MAPE is then calculated for a given
domain as the integrated enthalpy of the mean state minus
that of the reference state. We also consider two constraints
on the parcel rearrangement. The first constraint, used in cal-
culating nonconvective MAPE, restricts the release of con-
vective instability. The second constraint, used in calculating
a local MAPE, restricts parcel movements to a local subdo-
main centered on a given surface location with a nominal
radius in the horizontal chosen to represent a characteristic
eddy length scale.

One challenge in using MAPE is that the reference state
can be difficult to calculate accurately when atmospheric
moisture is taken into account. For the case of a dry atmo-
sphere, Lorenz (1955) derived an approximate formulation of
the available potential energy using an assumption of small
isentropic slope that is reasonably accurate in the free tropo-
sphere but problematic in the boundary layer. In this approx-
imate dry formulation, the dominant contribution to MAPE
is from the zonal and time mean rather than stationary ed-
dies (Oort et al., 1989; Peixoto and Oort, 1992), and this
has been used to justify the two-dimensional calculation of
MAPE based on the zonal-mean state. For the case of a moist
atmosphere, latent heating needs to be accounted for in the
calculation of MAPE (Lorenz, 1978), and the determination
of the reference state using a parcel swapping algorithm is
more difficult than in the case of a dry atmosphere (Lorenz,
1979; Randall and Wang, 1992). Important advances were
made recently when the first exact calculations of MAPE
were made using the Munkres algorithm for the ocean (Hi-
eronymus and Nycander, 2015) and moist atmosphere (Stan-
sifer et al., 2017). A MAPE calculation is said to be exact
in this context when the exact MAPE is found for a given
mean state and set of thermodynamic assumptions. Stansifer
et al. (2017) also introduced an inexact divide-and-conquer
algorithm which is fast and gives an accurate answer in most
situations (Stansifer et al., 2017; Harris and Tailleux, 2018).
In this paper, we frame the MAPE calculation following the
formulation used for the ocean by Su and Ingersoll (2016) to
take advantage of having many parcels at each pressure level.
We solve for the reference state using a standard integer lin-
ear programming algorithm which is faster than Munkres for
this problem and also exact. However, we also make use of
the inexact divide-and-conquer algorithm for nonconvective
MAPE because the integer linear programming algorithm
does not always converge when the nonconvective restriction
is included. What follows in this section is a discussion of
the exact approach to calculating MAPE used here. Readers
interested only in the results should proceed to Sect. 4.

3.1 Dividing the atmosphere into equal-mass parcels

The global atmosphere is divided into parcels of equal mass
to simplify the parcel rearrangement. In previous studies of
MAPE based on the zonal mean (which we will refer to as
zonal-mean MAPE), the domain in latitude and pressure was
divided into equal mass parcels by using uniform spacing in
pressure and a uniform spacing in a cosine-weighted latitude
coordinate which gives equal-area divisions in the horizon-
tal (Lorenz, 1979; O’Gorman, 2010; Gertler and O’Gorman,
2019; Gertler et al., 2020). This approach has the disadvan-
tage that the spacing in latitude increases towards the poles,
and for the three-dimensional calculation of MAPE it leads
to strongly varying aspect ratios of grid cells that are partic-
ularly problematic for the calculation of local MAPE at high
latitudes. Instead, we generate a uniform grid on the sphere
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Figure 1. Example of a uniform global grid created using the
methodology introduced in Rosca (2010). There are 3200 grid
points based on a 40× 40 grid in each hemisphere. The red cir-
cle is an example subdomain for the local MAPE calculation with a
geodesic radius of 15◦ (1670 km) centered on the location marked
with a blue asterisk and including all grid points colored in red. Ex-
cept where noted, MAPE results in figures and tables are based on
this horizontal grid at 15 vertical pressure levels.

(i.e., with equal-area grid cells in the horizontal) following
the approach of Rosca (2010) as described in detail in Ap-
pendix A. An example of such a horizontal grid is shown in
Fig. 1.

Some previous studies of zonal-mean MAPE have used
a staggered grid which reduces the problem to one dimen-
sion in pressure (Lorenz, 1979; O’Gorman, 2010; Gertler and
O’Gorman, 2019), but it is equally simple and more efficient
to employ the same pressure coordinates in all columns (Su
and Ingersoll, 2016), and that is the approach used here, with
uniform spacing in pressure to give equal mass parcels.

All results (except for sensitivity tests) are based on 15
evenly spaced pressure levels in the vertical, and any parcels
below the surface are excluded. We generally use a global
grid with 3200 surface grid cells (a 40×40 grid in each hemi-
sphere), except in the case of nonconvective and convective
MAPE of extratropical domains (20–90◦ N and 20–90◦ S) in
Table 2, which are calculated using a global grid with 800
surface grid cells (a 20× 20 grid in each hemisphere) due to
computational expense.

3.2 Determining the reference (minimum-enthalpy)
state

We consider n parcels of equal mass M , each with an ini-
tial temperature (Ti), pressure (pi), and relative humidity
(ri), where i = 1,2, . . .,n. The parcels can occur at s dis-
tinct pressure levels pLk , where k = 1,2, . . ., s and the su-
perscript L refers to level. The number of parcels at each
level is denoted by mk , and mk varies by level due to sur-

face topography. Note that, by construction,
s∑
k=1

mk = n. A

matrix is defined which contains the enthalpy values of all
parcels adiabatically and reversibly displaced to every pres-
sure level h= [hi,k](i = 1,2, . . .,n;k = 1,2, . . ., s), where
hi,k(Ti,pi, ri,p

L
k ) is the specific enthalpy of parcel i when

it has been displaced to pressure pLk . In calculating the en-
thalpy of parcels at different pressures, we use the saturation
vapor pressure formulas over ice and liquid described in Sim-
mons et al. (1999) but follow Wang and Randall (1994) to
merge ice and liquid phases. We then define the binary matrix
x= [xi,k](i = 1,2, . . .,n;k = 1,2, . . ., s) that maps the mean
state onto the reference state, where xi,k = 0 or 1, and xi,k = 1
indicates that parcel i is located at pressure pLk in the refer-
ence state. A given rearrangement has a unique x matrix, and

the total enthalpy of the reference state is M
n∑
i=1

s∑
k=1

hi,kxi,k .

The sum over each row of x must equal 1 to ensure that
each parcel is only assigned one location in the rearrange-
ment state, and the sum over each column of x must be the
same as the number of parcels at the corresponding pressure
level (mk). Therefore, to solve for the reference state, one
finds x, which minimizes the total enthalpy given these con-
ditions. Following Su and Ingersoll (2016), the problem can
be stated as follows.

Given an n× s matrix h,find an n× s matrix x

to minimize
n∑
i=1

s∑
k=1

hi,kxi,k,where xi,k = 0 or 1,

subject to
s∑
k=1

xi,k = 1 for any i and
n∑
i=1

xi,k =mk

for any k. (1)

Su and Ingersoll (2016) recognized that this problem is an
example of a minimum-cost flow problem. It is also an in-
teger linear programming problem, and we solve it here us-
ing a standard implementation of the dual-simplex algorithm
(Koberstein, 2008). To frame the problem for integer linear
programming, the h and x matrices are vectorized to hvec and
xvec, and we minimize hvec · xvec over xvec, subject to the
constraint that A · xvec = b, with A and b being a matrix and
vector, respectively, that express the constraints in Eq. (1).

We also solve for the reference state using the divide-and-
conquer algorithm described in Stansifer et al. (2017). While
the divide-and-conquer algorithm is slower than the integer
linear programming approach, the algorithm used to solve
the integer linear programming approach occasionally does
not converge under the nonconvective condition imposed
on the parcel rearrangement described below. The divide-
and-conquer algorithm is a recursive algorithm that builds a
low-enthalpy reference state by dividing the atmospheric do-
main into smaller subdomains. At each division, the pressure
derivative of enthalpy at the middle pressure of the subdo-
main is used to order parcels within that subdomain from top
to bottom, and then the top and bottom halves are assigned
to new subdomains.
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Table 1. Extratropical and global MAPE values in joules per kilogram based on the time mean over 1979–2018 for different seasons.
Results are given for three-dimensional MAPE, zonal-mean MAPE, and their difference. Zonal-mean MAPE is calculated by replacing all
values for temperature and humidity at a given latitude and pressure with the zonal-mean values at that latitude and pressure. The difference
is calculated as the three-dimensional MAPE minus zonal-mean MAPE as a percentage of the three-dimensional MAPE. All results in this
table are calculated with integer linear programming. DJF: December–January–February, MAM: March–April–May, JJA: June–July–August,
SON: September–October–November.

Season Domain MAPE Zonal-mean MAPE Difference
(J kg−1) (J kg−1) (%)

DJF 20–90◦ N 373.6 335.3 10.2
20–90◦ S 301.2 284.1 5.6
90◦ S–90◦ N 480.4 452.8 5.7

MAM 20–90◦ N 303.0 285.5 5.8
20–90◦ S 333.0 324.7 2.5
90◦ S–90◦ N 450.6 435.9 3.3

JJA 20–90◦ N 215.2 166.8 22.5
20–90◦ S 361.0 351.1 2.8
90◦ S–90◦ N 433.8 407.6 6.1

SON 20–90◦ N 324.8 305.7 5.9
20–90◦ S 341.8 330.1 3.4
90◦ S–90◦ N 443.2 423.3 4.5

Table 2. Extratropical three-dimensional MAPE, nonconvective MAPE, and convective MAPE in joules per kilogram over 1979–2018. The
convective fraction is shown in parentheses as a percentage of full MAPE. Results in this table are based on a lower-resolution horizontal grid
with 1800 surface grid cells (a 30×30 grid in each hemisphere), and the (full) MAPE values differ slightly from those in Table 1 because of
the lower resolution and because divide and conquer is used here rather than integer linear programming in Table 1.

Season Domain MAPE Nonconvective MAPE Convective MAPE
(J kg−1) (J kg−1) (J kg−1)

DJF 20–90◦ N 372.5 366.9 5.7 (1.5 %)
20–90◦ S 300.7 285.2 15.4 (5.1 %)

MAM 20–90◦ N 303.8 296.1 7.7 (2.5 %)
20–90◦ S 333.2 318.8 14.4 (4.3 %)

JJA 20–90◦ N 216.7 197.3 19.4 (9.0 %)
20–90◦ S 359.1 353.4 5.7 (1.6 %)

SON 20–90◦ N 326.1 309.8 16.4 (5.0 %)
20–90◦ S 341.4 335.8 5.6 (1.7 %)

Previous work has shown that the reference pressure for
the minimum-enthalpy state of the zonal-mean atmosphere
for the moist MAPE calculation has a convective “bubble” at
low latitudes that ascends discontinuously to the upper tro-
posphere, while for nonconvective MAPE the reference pres-
sure is always continuous as a function of latitude and pres-
sure, by definition (see, e.g., Fig. 2 of Gertler and O’Gorman,
2019). A similar area of low-latitude ascent in the three-
dimensional moist MAPE calculation can be seen in Fig. 2
but is now resolved in latitude and longitude.

3.3 Calculation of nonconvective and convective MAPE

For nonconvective MAPE, the reference state is calculated
under the condition that parcels originating in a given column
may not change their vertical ordering, thereby restricting the
release of convective instability. We calculate nonconvective
MAPE using the divide-and-conquer algorithm, and this is
done by modifying the algorithm such that at each step of
the recursion, parcels from a given initial column may not
change their vertical ordering in the parcel rearrangement of
each subdomain. This ensures that parcels do not “leapfrog”
in pressure over parcels from the same initial column, and
the reference pressure is a monotonic function of pressure in
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Figure 2. Visualization of vertical parcel motions in global three-dimensional MAPE calculations for different seasons. Shown is the original
pressure minus reference pressure for parcels originating at (a, b) 864 hPa and (c, d) 321 hPa for (a, c) DJF and (b, d) JJA. Positive values
imply ascent from the mean state to the reference state, and negative values imply descent from the mean state to the reference state.

a given column. The nonconvective MAPE is then defined as
the integrated enthalpy of the mean state minus that of the
reference state restricted in this way.

The convective MAPE is defined as the difference between
the MAPE and the nonconvective MAPE. When calculating
convective MAPE, both the MAPE and the nonconvective
MAPE are calculated using divide and conquer in the case of
the extratropical domains (20–90◦ N and 20–90◦ S), but for
local MAPE we use divide and conquer for nonconvective
MAPE and integer linear programming for MAPE because
divide and conquer sometimes gave negative values in the
tropics (see Sect. 4.3.2 for further discussion).

3.4 Calculation of local MAPE

We perform a series of MAPE calculations within local sub-
domains whose horizontal extent is set to a nominal length
scale of an extratropical cyclone. This approach captures the
energy available locally to be converted into kinetic energy
in baroclinic storms such as extratropical cyclones, but note
that it does not account for horizontal energy fluxes into and
out of these systems such as the fluxes that occur in down-
stream development (Chang, 1992; Chang et al., 2002), and
thus we expect regions of high local MAPE to correspond to
regions of large generation of EKE, but we do not expect lo-

cal MAPE to capture the downstream structure of the storm
track.

As before, the atmosphere is divided into parcels of equal
mass using a uniform grid on the sphere and equal divisions
in pressure. At each surface location, a subdomain is defined
as including only parcels that fall within a horizontal distance
less than a specified eddy length scale of that location. The
MAPE at a given surface location is defined as the MAPE
over the subdomain centered in the horizontal on that loca-
tion. An example of such a subdomain is shown in Fig. 1.
We consider the MAPE and its nonconvective and convec-
tive components in each subdomain and record the reference
pressures of parcels in each MAPE calculation.

Using local MAPE as an example, we illustrate the sen-
sitivity of the MAPE calculation to key parameters and the
choice of algorithm in Appendix B.

4 Three-dimensional MAPE of the atmosphere

4.1 Extratropical and global MAPE

The seasonal MAPE over 1979–2018 is shown in Table 1 for
northern and southern extratropical domains (20–90◦ N and
20–90◦ S) and for the global domain. We focus on the extra-
tropical domains but give results for the global domain for
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reference. The results in Table 1 are based on a global uni-
form grid with 3200 equal-area surface grid cells (a 40× 40
grid in each hemisphere) and 15 evenly spaced pressure lev-
els from 1000 to 50 hPa, with parcels below the surface re-
moved. The results are generally similar beyond a resolution
of about 800 surface grid cells and 10 pressure levels. The
grid cells in this global grid that fall within the extratropical
domains are used to calculate the extratropical MAPE values.
A zonal-mean MAPE on the same domain is also calculated
by replacing all the temperature and humidity values with
their zonal-mean values at that latitude and pressure. We use
this approach to calculate zonal-mean MAPE in which the
only inputs are zonal-mean temperature and humidity but the
calculation remains three-dimensional because it allows for
a fair comparison with fully three-dimensional MAPE in the
presence of topography that varies in longitude.

MAPE is larger in winter than summer (Table 1), im-
plying that the effect of the stronger meridional tempera-
ture gradient in winter outweighs the lower specific humid-
ity. The three-dimensional MAPE is always larger than the
zonal-mean MAPE, and this is as expected because three-
dimensional MAPE includes both zonal and meridional gra-
dients of temperature and moisture. The difference between
the three-dimensional MAPE and the zonal-mean MAPE,
which can be interpreted as the contribution from zonal
asymmetries, is always largest in the Northern Hemisphere
extratropics, with particularly large contributions in DJF and
JJA. The contribution from zonal asymmetries in the North-
ern Hemisphere extratropics in JJA of 22.5 % is substantially
larger than what was found previously for dry MAPE for
the full NH (7.5 % based on Table 14.1 of Peixoto and Oort,
1992).

Figure 2 illustrates the vertical motion of parcels in the
global three-dimensional MAPE calculations for DJF and
JJA, showing tropical and subtropical ascent and extratrop-
ical descent. Tropical and subtropical ascent is strongest at
low levels in the summer hemisphere and over land, and ex-
tratropical descent is strongest at the upper levels in the win-
ter hemisphere.

Nonconvective MAPE and convective MAPE, calculated
using divide and conquer, are presented in Table 2, and these
are calculated on a lower-resolution grid (30× 30 grid in the
horizontal in each hemisphere) due to the greater computa-
tional requirement when the nonconvective constraint is im-
posed and when using the divide-and-conquer algorithm. Us-
ing this grid and the divide-and-conquer algorithm for full
three-dimensional MAPE gives values very similar to those
from the higher-resolution exact calculation using integer lin-
ear programming (compare the extratropical MAPE values in
Tables 1 and 2).

Nonconvective MAPE restricts vertical reordering of
parcels starting in a column, and thus it is always equal to or
smaller in magnitude than the MAPE. However, MAPE and
nonconvective MAPE are similar in magnitude to the largest
values in Northern Hemisphere DJF and smallest values in

Northern Hemisphere JJA. Convective MAPE is largest in
Northern Hemisphere JJA, when it is also the largest per-
centage of overall MAPE, and smallest in Northern Hemi-
sphere DJF and Southern Hemisphere JJA and SON. The
relative breakdown between convective and nonconvective
MAPE across seasons and hemispheres is similar for zonal-
mean MAPE as for three-dimensional MAPE (not shown).

4.2 Local MAPE

Next the local restriction is imposed on the three-dimensional
MAPE calculation. We use the same global grid as for the full
three-dimensional MAPE calculation with a 40× 40 grid in
the horizontal in each hemisphere. Each subdomain for the
local MAPE is centered in the horizontal at one surface grid
cell and has a geodesic radius of 15◦ (1670 km). This radius
was chosen as representative of the length scale of midlati-
tude eddies.

The local MAPE based on the climatological mean over
1979–2018 is shown in Fig. 3. Local MAPE represents the
energy available for local parcel rearrangement at the eddy
length scale, and large values correspond to extratropical
regions with strong baroclinic instability. In the Northern
Hemisphere, the eastern side of continents and the western
side of ocean basins are particular hotspots in winter due to
strong horizontal gradients of temperature in these regions,
while local MAPE is higher in the interior of continents in
summer possibly due to a lower static stability over land.
The Northern Hemisphere has the highest values in the west-
ern Pacific in winter, while the Southern Hemisphere shows
more consistently high values throughout the midlatitudes in
winter. By restricting to subdomains that are roughly of the
size of a typical extratropical cyclone, we have effectively
introduced more dynamics into the calculation of MAPE
and reduced its value to be more realizable and similar in
magnitude to kinetic energy. For example, in DJF, the local
MAPE averaged over the northern extratropics is 96.8 J kg−1

as compared to 373.6 J kg−1 for MAPE calculated for the
northern extratropics without the local constraint.

The reference pressure distribution for each subdomain
may be examined for insight into the characteristics of the
local parcel rearrangements. In particular, the difference be-
tween the original pressure and reference pressure of a par-
cel may be interpreted as the ascent or descent that gives rise
to the potentially largest energy release on the eddy length
scale. Parcels in the column above a given surface location
are included in multiple MAPE calculations for subdomains
that overlap with that surface location. Therefore, we calcu-
late the maximum ascent of any parcel over all subdomains
that include that surface location, and this can be thought of
as the maximum potential ascent due to baroclinic instability
and convection at that location. Figure 4 shows the maximum
potential ascent in each season, with maximum values near
the Equator and high values over midlatitude land in summer.
Much of this is convective ascent, and the nonconvective and
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Figure 3. Local MAPE based on the climatological mean over
1979–2018 for (a) DJF and (b) JJA. MAPE is calculated on sub-
domains of geodesic radius of 15◦ (1670 km) centered in the hori-
zontal on 3200 surface grid cells.

convective components of local MAPE are next examined
separately.

4.3 Nonconvective and convective local MAPE

4.3.1 Nonconvective local MAPE

The nonconvective local MAPE is also calculated using the
same grid and subdomains as for the full local MAPE but
using the divide-and-conquer algorithm rather than integer
linear programming. Nonconvective local MAPE must be
smaller than or equal to local MAPE, but Fig. 5 shows that
the overall pattern and magnitude of nonconvective local
MAPE are similar to those of local MAPE in Fig. 3.

Nonconvective local MAPE has high values in the en-
trance regions of the storm tracks, and we interpret it as a
measure of the available energy for the generation of large-
scale eddies through moist baroclinic instability. Dry MAPE
scales roughly as the vertical integral of the square of the
Eady growth rate (O’Gorman and Schneider, 2008), and
Fig. 5 shows that the nonconvective local MAPE has a spatial
pattern similar to the Eady growth rate averaged in the ver-
tical over 500–750 hPa. The (maximum) Eady growth rate σ

Figure 4. Maximum potential ascent in the local MAPE calculation
based on the climatological mean over 1979–2018 for (a) DJF and
(b) JJA. MAPE is calculated as in Fig. 3, and the maximum poten-
tial ascent is calculated at each surface location as the maximum
difference between pressure and reference pressure for any parcel
in the column at that location over all the MAPE calculations that
include that location.

at a given vertical level is calculated as

σ = 0.31
f

N

∥∥∥∥∂uh∂z
∥∥∥∥ , (2)

where f is the Coriolis parameter, N is the buoyancy fre-
quency, uh is the horizontal wind, and z is height. Local
MAPE is complementary to the Eady growth rate as a mea-
sure of local baroclinic instability in that (1) it provides a
measure of energy that can be compared to EKE in terms
of fractional changes over the seasonal cycle or for climate
change and (2) it includes the effects of moisture which can
be important in terms of the response to climate change (al-
though we note the Eady growth rate could also be modified
to account for moisture through an effective static stability;
O’Gorman, 2011).

4.3.2 Convective local MAPE

Figure 6 shows convective local MAPE, which is defined
as the difference between full local MAPE and nonconvec-
tive local MAPE. The full local MAPE is calculated using
the integer linear programming approach because the divide-
and-conquer algorithm gives some negative values near the
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Figure 5. Nonconvective local MAPE (color shading) and Eady
growth rate averaged in the vertical over 500–750 hPa (black con-
tours of 0.5 and 0.7 d−1) based on the climatological mean over
1979–2018 in (a) DJF and (b) JJA.

Equator. Negative values of MAPE are physically impos-
sible, but they can sometimes occur with the divide-and-
conquer algorithm for conditionally unstable atmospheres
because the divide-and-conquer algorithm is not exact (Har-
ris and Tailleux, 2018). Thus, integer linear programming is
used to calculate the full local MAPE, while divide and con-
quer is used to calculate the nonconvective local MAPE, and
we caution that this mixing of algorithms could affect the re-
sults for convective local MAPE in localized regions near the
Equator (see Sect. B3 in Appendix B).

Figure 6 shows that convective MAPE has large values in
certain regions in the subtropics and midlatitudes, including
over Argentina, southern Africa, and Australia in DJF and the
central and southeastern United states in JJA. There are also
high values over some subtropical ocean regions. This spa-
tial distribution is in contrast to the climatology of convec-
tive available potential energy (CAPE), which maximizes in
the deep tropics (Riemann-Campe et al., 2009). Convective
MAPE behaves differently from CAPE because convective
MAPE takes account of horizontal temperature and moisture
gradients in addition to vertical instability, and these horizon-
tal gradients are small near the Equator. Note also that con-
vective MAPE values are smaller than typical CAPE values
because MAPE is normalized by the full mass of the atmo-
sphere, whereas CAPE is normalized by only the mass of the

Figure 6. Convective local MAPE based on the climatological mean
(color shading) over 1979–2018 and occurrence of intense convec-
tion events (black dots) over 2015–2021 for (a) DJF and (b) JJA.
Convective MAPE is calculated as the difference in MAPE and
nonconvective MAPE in the local subdomains. Intense convection
events are identified using GPM data as precipitation features with
a maximum 40 dBZ echo top height that exceeds 14 km over land
and 9 km over ocean (see text for further details).

air that is rising. Unlike the convective MAPE, the maximum
potential ascent in the calculation of local MAPE does have
large values near the Equator (Fig. 4). However, large dis-
placements in the vertical do not imply large generation of
kinetic energy if the buoyancy is low, explaining how con-
vective MAPE values can remain small in that region.

Interestingly, there is some correspondence of the regions
of large convective MAPE with regions of intense orga-
nized convection such as Argentina in DJF and parts of the
United States in JJA (Brooks et al., 2003; Zipser et al., 2006).
Gertler and O’Gorman (2019) previously interpreted convec-
tive MAPE as the energy available for convection associ-
ated with midlatitude cyclones, but the spatial distribution
in Fig. 6 suggests it may also be relevant for organized con-
vective storms in baroclinic environments. This is physically
plausible because organized convective systems are influ-
enced by horizontal gradients of temperature and moisture
as well as their vertical gradients (noting that vertical shear is
related to horizontal temperature gradients by thermal wind
balance), and these factors are taken into account in convec-
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tive MAPE, which depends on the three-dimensional state of
the atmosphere.

To explore this correspondence further, we make a com-
parison of the spatial distribution of convective MAPE to
the occurrence of intense convection events from GPM data
over the years 2015–2021 in a database described in Liu and
Zipser (2015). Figure 6 shows all precipitation features with
a maximum 40 dBZ echo top height from the Ku-band radar
that exceeds 14 km over land and 9 km over ocean. The rea-
son to use different thresholds over land and ocean is that the
convective MAPE does not capture the difference in strength
of convection between land and ocean which is possibly due
to aerosols and the diurnal cycle (Pan et al., 2022), and we
want to be able to show events over both land and ocean
to compare to the distribution of convective MAPE. Lower
thresholds such as 12 km over land and 8 km over ocean give
a higher number of events but a similar spatial distribution.
Note that the sampling by the GPM core satellite increases
towards the poleward limits of the orbit at 65◦ S and 65◦ N,
but plotting the events should be sufficient as a simple indica-
tor of where intense convection occurs, and the seasonal and
spatial distribution of intense convection is similar to what
has been found in previous studies (Zipser et al., 2006; Liu
and Zipser, 2015). The comparison with convective MAPE
shows some similarities including regions of intense convec-
tion and high convective MAPE over Argentina and southern
Africa in DJF, North America and the Bay of Bengal in JJA,
and the subtropical oceans in both seasons. One notable ex-
ception is intense convection over central Africa in a region
with little convective MAPE. In addition, there are some fea-
tures that are displaced poleward in convective MAPE com-
pared to the intense convection (e.g., over western Africa in
DJF) which may be because local convective MAPE is plot-
ted at the center of the local domain, whereas the convective
rising air in the MAPE calculation tends to originate more
equatorward of this location.

Clearly, intense convection is affected by other variables
in addition to the thermodynamic state of the atmosphere
(e.g., aerosols, lifting by topography, surface heat and mois-
ture fluxes), but convective MAPE is interesting as a candi-
date measure for the energy available to organized convective
systems, and this could be investigated in future work using,
for example, idealized simulations.

5 Application to warm conveyor belts (WCBs)

5.1 Climatological maximum potential ascent and
WCBs

Maximum potential ascent determined by the local MAPE
framework can provide insight into WCB activity given that
WCBs are instances of strong atmospheric ascent associated
with extratropical cyclones. Ascent in WCBs is strongly di-
abatic, and thus it is important that we are using a moist

MAPE that accounts for latent heating. High-resolution sim-
ulations and satellite observations suggest that WCB trajec-
tories are mostly slantwise but do include instances of more
vertical convective ascent embedded in the slower slantwise
ascent (Rasp et al., 2016; Oertel et al., 2019, 2020). However,
we focus here on ascent in calculations of nonconvective
MAPE (excluding convective ascent) rather than full MAPE
because we find it gives a stronger connection with WCBs,
and this is presumably because the full MAPE calculation
also includes convective ascent not associated with extrat-
ropical cyclones (e.g., at low latitudes).

Figure 7 shows the maximum potential ascent for the local
nonconvective MAPE described in Sect. 4.3.1. The strong as-
cent in equatorial regions for the full local MAPE in Fig. 4 is
absent for the nonconvective local MAPE in Fig. 7, suggest-
ing that the equatorial ascent is indeed dominated by convec-
tion. By contrast, maximum potential ascent for nonconvec-
tive MAPE reaches local maxima in the extratropics.

The maximum potential ascent for nonconvective local
MAPE is also compared to the climatological frequency of
WCB starting points in Fig. 7. WCB starting points are iden-
tified as the first point of the 48 h ascent in the climatology of
Madonna et al. (2014), and their frequency is plotted as the
percentage of 6-hourly time steps in which a WCB originates
at a given location. The maximum potential ascent based on
the climatological mean temperature and humidity is compa-
rable in magnitude to, but somewhat smaller than, the WCB
ascent threshold of 600 hPa, but larger values of maximum
potential ascent can occur on shorter timescales as shown
below. The regions of higher maximum potential ascent in
the nonconvective MAPE of the climatological atmosphere
are very similar to the regions of heightened WCB activity,
albeit with some regions of mismatch in the western Pacific.
Thus, the moist MAPE framework of Lorenz (1978, 1979)
applied locally and excluding convection can identify regions
of WCB activity based only on climatological mean tem-
perature and humidity. Furthermore, the maximum potential
ascent provides information distinct from the Eady growth
rate or nonconvective MAPE, since the spatial distributions
and seasonal cycles of nonconvective MAPE and the Eady
growth rate (Fig. 5) have differences from those of maximum
potential ascent and WCB starting points (Fig. 7). For ex-
ample these distributions are quite different in the Southern
Hemisphere in DJF.

5.2 Daily maximum potential ascent and WCBs

The ability of the local nonconvective MAPE of the clima-
tological atmosphere to identify regions of climatological
WCB activity raises questions about the ability of this ap-
proach to predict WCB activity from temperature and hu-
midity on shorter timescales. To investigate this, the local
nonconvective MAPE and reference pressures are calculated
using mean temperature and humidity values on individual
days (the average of four 6-hourly fields) and compared to
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Figure 7. Maximum potential ascent in local nonconvective MAPE
based on the climatological mean over 1979–2018 (color shading)
and WCB starting-point frequency over 1979–2018 (black contours
of 1 % and 2 %) for (a) DJF and (b) JJA. Nonconvective MAPE is
calculated as in Fig. 5. Maximum potential ascent is calculated at
each surface location as the maximum of pressure minus reference
pressure for any parcel in the column at that surface location over
all the nonconvective MAPE calculations that include that location.
The WCB starting-point frequency is shown as the percentage of
6-hourly time steps in which a WCB begins at a given location in
the climatology of Madonna et al. (2014).

the WCB activity over the same days. We refer to this as
MAPE since it is based on the mean of temperature and hu-
midity fields over a day, but it could also be thought of as
simply the daily available potential energy. Only a single
randomly chosen year, 1985, is considered due to compu-
tational expense. Figure 8 shows results for example days
near the beginning of the four seasons. Grid cells with one
or more WCB starting points (it is not uncommon for multi-
ple WCBs to start at the same location on a given day) tend
to fall in regions of large maximum potential ascent. How-
ever, large maximum potential ascent does not always lead
to WCB starting points on a given day because WCB ac-
tivity also requires the presence of an extratropical cyclone
on that day. In this way, this concept is similar to the maxi-
mum potential intensity for tropical cyclones introduced by
Emanuel (1988), as it demonstrates the thermodynamic po-
tential for an event which may not be realized at all times.
There is considerable spatial structure to the maximum po-

tential ascent on a given day, suggesting that extratropical
cyclones themselves may be contributing to the spatial struc-
ture at this timescale.

To illustrate the statistical relationship between maximum
potential ascent and WCB formation, the maximum poten-
tial ascent in daily local nonconvective MAPE calculations
is calculated for each grid cell and each day in 1985, and
these values are then linearly interpolated to the same grid as
the WCB climatology. To properly compare to the climatol-
ogy, which only considers cyclones poleward of 20◦ N and
20◦ S, we also only consider grid cells poleward of 20◦ N
and 20◦ S. The median of the maximum potential ascent over
grid cells and days where at least one WCB starting point oc-
curs is 570 hPa, which is substantially higher than the over-
all median of 330 hPa and very close to the ascent threshold
of 600 hPa used in the WCB climatology. Figure 9a shows
that the probability density functions of maximum potential
ascent are quite distinct for cases with and without WCB
starting points. Figure 9b shows the probability of WCB for-
mation for grid cells and days that exceed a given level of
maximum potential ascent; 10 % of grid cells with maximum
potential ascent above 600 hPa have at least one WCB start-
ing point, and 25 % of grid cells with maximum potential
ascent above 720 hPa have at least one WCB starting point.
These percentages may be compared with the baseline of 2 %
of grid cells over the extratropics (20–90◦ N and 20–90◦ S)
that have at least one WCB starting point. Furthermore, the
probability of WCB formation increases monotonically and
very nonlinearly with maximum potential ascent. The prob-
ability of WCB formation based on high maximum potential
ascent is even higher in storm-track regions. For example,
in a region of the Pacific from 160–190◦ E in longitude and
40–60◦ N in latitude over which extratropical cyclones occur
with roughly 30 % frequency in the climatology of Wernli
and Schwierz (2006), roughly 50 % of days and grid cells
in 1985 with maximum potential ascent exceeding 700 hPa
have at least one WCB starting point, compared to 8 % prob-
ability of WCB starting points for all days and grid cells in
that region in 1985.

The results above indicate that maximum potential ascent
from daily local nonconvective MAPE calculations can pre-
dict with some skill the formation of WCBs using only the
regional temperature and humidity fields. In conjunction with
information on cyclone occurrence, this maximum potential
ascent may have value in understanding and forecasting of
WCB formation, as well as understanding of the potential
effects of climate change on WCBs.

6 Discussion and conclusions

We have calculated the three-dimensional moist MAPE of
the atmosphere for the first time, and we have also introduced
a new approach to calculating a local MAPE on the charac-
teristic length scale of extratropical cyclones. Combined with
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Figure 8. Maximum potential ascent in the local nonconvective MAPE (color shading) and WCB starting points (black contours) for example
days in the year 1985. The black contours surround areas of at least one WCB starting point on the given day in the dataset of Madonna et al.
(2014).

Figure 9. Statistical relation of WCB starting points to maximum potential ascent from daily local nonconvective MAPE calculations in the
year 1985. (a) Probability density functions of the maximum potential ascent for all grid cells and days (blue) and for grid cells and days
restricted to incidences of at least one WCB starting point (red). (b) Probability of at least one WCB starting point for grid cells and days
above a given maximum potential ascent. For comparison, the probability of at least one WCB starting point for all days and grid cells in the
extratropics (20–90◦ N and 20–90◦ S) is 2 % (dotted line).
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a decomposition of MAPE into convective and nonconvec-
tive components, we show that MAPE provides a number of
useful connections between the mean state of the atmosphere
and the dynamics of extratropical cyclones, warm conveyor
belts, and possibly also convective storms in baroclinic envi-
ronments.

By including gradients of temperature and moisture in
the zonal direction and by better accounting for topography,
which is difficult to deal with in a zonal-mean calculation,
three-dimensional moist MAPE provides a more accurate
accounting of the energy available to circulations as com-
pared to previous calculations based on the zonal mean. Lo-
cal three-dimensional MAPE identifies regions where baro-
clinic eddies grow, broadly consistent with the Eady growth
rate but including the effects of latent heating and giving an
energetic measure which could be useful for connecting to
eddy kinetic energy. Differences between pressure and refer-
ence pressure in the local MAPE calculation characterize the
thermodynamic potential for ascent. The maximum potential
ascent is largest in the tropics for the full MAPE but in mid-
latitudes for the nonconvective MAPE. The convective com-
ponent of the local MAPE (i.e., the difference in the full and
nonconvective MAPE) maximizes in the subtropics and mid-
latitudes (unlike CAPE, which maximizes near the Equator)
and has some similarities in spatial and seasonal pattern to
the occurrence of intense convection. Previous work has em-
pirically connected organized convection to combinations of
vertical shear and CAPE (Brooks et al., 2003), and it is possi-
ble that convective MAPE could provide a unified energetic
measure relevant for organized convection in a baroclinic en-
vironment, which could be investigated in future work. Fu-
ture work could also investigate the extent to which there
are connections between changes in EKE and local MAPE
and changes in organized convective storms and convective
MAPE under climate-change scenarios.

We have also demonstrated that the maximum potential
ascent in the calculation of nonconvective local MAPE is
related to WCB formation. This is a new connection be-
tween the mean state of the atmosphere and important high-
frequency weather events. In particular, WCBs are crucial
components of extratropical cyclones and everyday weather
in the midlatitudes, and they play an important role in
cloud formation, precipitation, and transport of air pollution
(Browning, 1990; Stohl et al., 2002; Pfahl et al., 2014). The
maximum potential ascent based on the climatological mean
temperature and humidity identifies regions of heightened
WCB formation, and this link could be used to better under-
stand the geographical and seasonal distribution of WCBs.
Furthermore, regions of high maximum potential ascent on
individual days are more likely to form WCBs than other re-
gions. It is possible that the link between maximum poten-
tial ascent and WCB formation on the daily timescale could
be helpful for forecasting WCBs, but establishing this would
require a detailed study of statistics such as the conditional
probability of the occurrence of a WCB given the presence

of both a cyclone and strong potential ascent versus only
the presence of a cyclone. In addition there may be a useful
link between maximum potential ascent and WCB formation
on longer subseasonal timescales. Two other areas of future
work related to maximum potential ascent seem promising.
First, it could be investigated whether there is a simple an-
alytical approximation for the maximum potential ascent as
a function of mean temperature and humidity fields. Ideally
this would be comparably simple to the expression for the
Eady growth rate but capable of giving the spatial and sea-
sonal distribution of the maximum potential ascent. Second,
it would be interesting to investigate changes in maximum
potential ascent in simulations of climate change to provide
a link between mean warming and moistening of the atmo-
sphere and changes in WCB formation.

Appendix A: Uniform grid generation

We create a uniform grid on the sphere following the method-
ology of Rosca (2010). The strategy used is to create an
equally spaced grid on a square and then to project it onto
each hemisphere by using area-preserving bijections that
map from a square to a disk and then from the disk to a hemi-
sphere. The square is of edge e, and the sphere is of radius r ,
where e = r

√
2π . Further details and proof of this method-

ology can be found in Rosca (2010).
The grid on the square is created using an identical set

of Cartesian coordinates in x and y. For convenience, L is
defined such that e = 2L. The number of grid cells in each
direction is denoted N . The spacing d is then e/N . The grid
cells are centered at grid points starting at −L+ d/2 and ex-
tending with a spacing of d to L− d/2. To project this grid
onto the Southern Hemisphere and preserve area, we then ap-
ply the following formulas to project (a,b), a set of x and y
coordinates, into (A,B,C), a set of x, y, and z coordinates.

1. For 0≤ |b| ≤ |a| ≤ L,

(A,B, C)=

 2a
π

√
π −

a2

r2 cos
bπ

4a
,

2a
π

√
π −

a2

r2 sin
bπ

4a
,

2a2

πr
− r

 . (A1)

2. For 0≤ |a| ≤ |b| ≤ L,

(A, B, C)=

 2b
π

√
π −

b2

r2 sin
aπ

4b
,

2b
π

√
π −

b2

r2 cos
aπ

4b
,

2b2

πr
− r

 . (A2)

For the Northern Hemisphere, the formulas are the same
as in Eqs. (A1) and (A2), except that C is of an opposite
sign. These Cartesian coordinates can be easily transformed
to latitude and longitude on the sphere of radius r .

Figure 1 shows an example of such a grid which we em-
ploy in the analysis and which has 40× 40 grid cells in each
hemisphere.
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Appendix B: Sensitivities of calculation of local MAPE

We focus on the calculation of local MAPE as an example,
and we describe its sensitivity to resolution, assumed eddy
size, and calculation method.

B1 Sensitivity to resolution

Low horizontal resolutions are not sufficient to capture the
characteristic patterns of local MAPE (Fig. B1a) or maxi-
mum potential ascent (Fig. B2a). However, at resolutions at
and beyond roughly 1800 surface grid cells (a 30×30 grid in
each hemisphere) and at and beyond 10 vertical levels, the
results converge (Figs. B1b, c and B2b, c).

B2 Sensitivity to the eddy size

Unlike for horizontal resolution, as the radius of the subdo-
mains used to calculate local MAPE increases, the results
do not converge. Indeed, one would expect the magnitude of
MAPE to increase as the subdomain increases in size, con-
sistent with the scaling of dry zonal-mean MAPE per unit
mass with the square of the length of the domain considered
(O’Gorman and Schneider, 2008). However, the spatial pat-
tern of local MAPE does appear to converge for geodesic
radii greater than roughly 10◦, even though the MAPE value
continues to increase as the radius increases (Fig. B3). In-
terestingly, the spatial pattern of maximum potential ascent
seems to converge at a larger radius, with noticeable differ-
ences between the 10 and 15◦ calculations but similar spatial
patterns of maximum potential ascent for the 15 and 20◦ cal-
culations (Fig. B4).

B3 Sensitivity to the method of calculation

In most of the atmosphere and in particular in nearly all of
the extratropics, the divide-and-conquer algorithm and inte-
ger linear programming give nearly identical values of lo-
cal MAPE and maximum potential ascent (Figs. B5 and B6).
However, in some regions in the tropics (where the MAPE is
small), the divide-and-conquer algorithm can be very inac-
curate as a fraction of the exact MAPE given by integer lin-
ear programming. Indeed, the divide-and-conquer algorithm
sometimes even returns a negative value for MAPE (black
contours in Fig. B5), which is physically impossible but has
been previously shown to sometimes occur for certain con-
ditionally unstable columns with the divide-and-conquer al-
gorithm (Harris and Tailleux, 2018). Figure B5 demonstrates
this issue in the tropics for DJF, and differences are simi-
lar across all seasons. Similarly, in some areas in the tropics,
the exact calculation predicts large maximum potential as-
cent that is not captured by the divide-and-conquer algorithm
(Fig. B6). These inaccuracies of the divide-and-conquer al-
gorithm do not affect the main conclusions of this paper.
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Figure B1. Local MAPE based on the DJF climatological mean
over 1979–2018 for grids of varying horizontal resolution: (a) 200
surface grid cells (a 10×10 grid in each hemisphere), (b) 1800 sur-
face grid cells (a 30×30 grid in each hemisphere), and (c) 5000 sur-
face grid cells (a 50×50 grid in each hemisphere). All results shown
in this figure use 15 pressure levels and subdomains of geodesic ra-
dius of 15◦ (1670 km).

Figure B2. Maximum potential ascent in local MAPE based on the
DJF climatological mean over 1979–2018 for grids of varying hor-
izontal resolution: (a) 200 surface grid cells (a 10× 10 grid in each
hemisphere), (b) 1800 surface grid cells (a 30× 30 grid in each
hemisphere), and (c) 5000 surface grid cells (a 50× 50 grid in each
hemisphere). All results shown in this figure use 15 pressure levels
and subdomains of geodesic radius of 15◦ (1670 km).
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Figure B3. Local MAPE based on the DJF climatological mean over 1979–2018 using subdomains of varying geodesic radii: (a) 5◦ (560 km),
(b) 10◦ (1110 km), (c) 15◦ (1670 km), and (d) 20◦ (2230 km). All results in this figure use 1800 surface grid cells (a 30× 30 grid in each
hemisphere) and 15 pressure levels.

Figure B4. Maximum potential ascent in local MAPE based on the DJF climatological mean over 1979-2018 using subdomains of varying
geodesic radii: (a) 5◦ (560 km), (b) 10◦ (1110 km), (c) 15◦ (1670 km), and (d) 20◦ (2230 km). All results in this figure use 1800 surface grid
cells (a 30× 30 grid in each hemisphere) and 15 pressure levels.

Weather Clim. Dynam., 4, 361–379, 2023 https://doi.org/10.5194/wcd-4-361-2023



C. G. Gertler et al.: Available potential energy and aspects of circulation 377

Figure B5. Sensitivity to calculation method for the local MAPE
based on the DJF climatological mean over 1979–2018. Shown is
MAPE calculated using (a) the exact integer linear programming
approach, (b) the approximate divide-and-conquer algorithm, and
(c) the difference reported as integer linear programming minus di-
vide and conquer. Black contours in (c) indicate regions where the
divide-and-conquer algorithm gives negative values.

Figure B6. Sensitivity to calculation method for the maximum po-
tential ascent in local MAPE based on the DJF climatological mean
over 1979–2018. Shown is maximum potential ascent calculated
using (a) the exact integer linear programming approach, (b) the
approximate divide-and-conquer algorithm, and (c) the difference
reported as integer linear programming minus divide and conquer.
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Code and data availability. A directory including all anal-
ysis code used in this study is published online at
https://doi.org/10.5281/zenodo.5826260 (Gertler, 2022). ERA-
Interim data can be accessed from ECMWF at https://apps.ecmwf.
int/datasets/data/interim-full-daily/levtype=sfc/ (Dee et al., 2011).
The GPM precipitation feature database can be accessed from
http://atmos.tamucc.edu/trmm/data/gpm/level_2/kurpf/ (Liu and
Zipser, 2015). WCB data for ERA-Interim are available from the
authors of Madonna et al. (2014) upon request.

Author contributions. CGG, PAO’G, and SP conceived of and de-
signed the research and contributed to the editing of the text. CGG
performed the research, produced all figures, and drafted the paper.

Competing interests. At least one of the (co-)authors is a member
of the editorial board of Weather and Climate Dynamics. The peer-
review process was guided by an independent editor, and the authors
also have no other competing interests to declare.

Disclaimer. Publisher’s note: Copernicus Publications remains
neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Acknowledgements. We are grateful to Heini Wernli for helpful dis-
cussions and for first pointing out the possibility of a connection
between WCBs and parcel rearrangements in MAPE. We are also
grateful to Ronald Prinn for helpful insight. We thank Larissa Back,
Robert van der Drift, Martin Velez Pardo, and two anonymous re-
viewers for helpful comments.

Financial support. Charles G. Gertler was supported by the in-
dustry and foundation sponsors of the MIT Joint Program
on the Science and Policy of Global Change, NASA (grant
no. NNX16AC98G to MIT), and the National Science Foun-
dation Graduate Research Fellowship Program (NSF grant
no. 1122374). Paul A. O’Gorman was supported by the NSF (grant
no. AGS 1749986). Stephan Pfahl was supported by the Deutsche
Forschungsgemeinschaft (DFG; CRC 1114 Scaling Cascades in
Complex Systems, project no. 235221301, project C06).

Review statement. This paper was edited by Tim Woollings and re-
viewed by two anonymous referees.

References

Brooks, H. E., Lee, J. W., and Craven, J. P.: The spatial distribution
of severe thunderstorm and tornado environments from global
reanalysis data, Atmos. Res., 67, 73–94, 2003.

Browning, K. A.: Organization of clouds and precipitation in
extratropical cyclones, Extratropical Cyclones: the Erik Pal-

men Memorial Volume, 129–153, https://doi.org/10.1007/978-1-
944970-33-8_8, 1990.

Chang, E. K. M.: Downstream Development of Baroclinic
Waves as Inferred from Regression Analysis, J. At-
mos. Sci., 50, 2038–2053, https://doi.org/10.1175/1520-
0469(1993)050<2038:DDOBWA>2.0.CO;2, 1992.

Chang, E. K. M., Lee, S. Y., and Swanson,
K. L.: Storm track dynamics, J. Climate,
15, 2163–2183, https://doi.org/10.1175/1520-
0442(2002)015<02163:std>2.0.co;2, 2002.

Dee, D. P., Uppala, S. M., Simmons, A. J., Berrisford, P., Poli,
P., Kobayashi, S., Andrae, U., Balmaseda, M. A., Balsamo, G.,
Bauer, P., Bechtold, P., Beljaars, A. C. M., van de Berg, L.,
Bidlot, J., Bormann, N., Delsol, C., Dragani, R., Fuentes, M.,
Geer, A. J., Haimberger, L., Healy, S. B., Hersbach, H., Holm,
E. V., Isaksen, L., Kallberg, P., Koehler, M., Matricardi, M., Mc-
Nally, A. P., Monge-Sanz, B. M., Morcrette, J. J., Park, B. K.,
Peubey, C., de Rosnay, P., Tavolato, C., Thepaut, J. N., and Vi-
tart, F.: The ERA-Interim reanalysis: configuration and perfor-
mance of the data assimilation system, Q. J. Roy. Meteor. Soc.,
137, 553–597, https://doi.org/10.1002/qj.828, 2011 (data avail-
able at: https://apps.ecmwf.int/datasets/data/interim-full-daily/
levtype=sfc/, last access: September 2022).

Eckhardt, S., Stohl, A., Wernli, H., James, P., Forster, C., and
Spichtinger, N.: A 15-year climatology of warm conveyor belts,
J. Climate, 17, 218–237, 2004.

Emanuel, K. A.: The maximum intensity of hurricanes, J. Atmos.
Sci, 45, 1143–1155, 1988.

Gertler, C. G.: Available potential energy of the three-
dimensional mean state of the atmosphere and the thermo-
dynamic potential for warm conveyor belts, Zenodo [code],
https://doi.org/10.5281/zenodo.5826260, 2022.

Gertler, C. G. and O’Gorman, P. A.: Changing available energy
for extratropical cyclones and associated convection in Northern
Hemisphere summer, P. Natl. Acad. Sci. USA, 116, 4105–4110,
https://doi.org/10.1073/pnas.1812312116, 2019.

Gertler, C. G., O’Gorman, P. A., Kravitz, B., Moore, J. C., Phipps,
S. J., and Watanabe, S.: Weakening of the extratropical storm
tracks in solar geoengineering scenarios, Geophys. Res. Lett., 47,
e2020GL087348, https://doi.org/10.1029/2020GL087348, 2020.

Harris, B. L. and Tailleux, R.: Assessment of algorithms for com-
puting moist available potential energy, Q. J. Roy. Meteor. Soc.,
144, 1501–1510, https://doi.org/10.1002/qj.3297, 2018.

Hieronymus, M. and Nycander, J.: Finding the Minimum Potential
Energy State by Adiabatic Parcel Rearrangements with a Non-
linear Equation of State: An Exact Solution in Polynomial Time,
J. Phys. Oceanogr., 45, 1843–1857, https://doi.org/10.1175/jpo-
d-14-0174.1, 2015.

Hou, A. Y., Kakar, R. K., Neeck, S., Azarbarzin, A. A., Kum-
merow, C. D., Kojima, M., Oki, R., Nakamura, K., and Iguchi,
T.: The global precipitation measurement mission, B. Am. Mete-
orol. Soc., 95, 701–722, 2014.

Koberstein, A.: Progress in the dual simplex algorithm for solving
large scale LP problems: techniques for a fast and stable imple-
mentation, Comput. Optim. Appl., 41, 185–204, 2008.

Liu, C. and Zipser, E. J.: The global distribution of largest, deep-
est, and most intense precipitation systems, Geophys. Res. Lett.,
42, 3591–3595, 2015 (data available at: http://atmos.tamucc.edu/
trmm/data/gpm/level_2/kurpf/, last access: January 2023).

Weather Clim. Dynam., 4, 361–379, 2023 https://doi.org/10.5194/wcd-4-361-2023

https://doi.org/10.5281/zenodo.5826260
https://apps.ecmwf.int/datasets/data/interim-full-daily/levtype=sfc/
https://apps.ecmwf.int/datasets/data/interim-full-daily/levtype=sfc/
http://atmos.tamucc.edu/trmm/data/gpm/level_2/kurpf/
https://doi.org/10.1007/978-1-944970-33-8_8
https://doi.org/10.1007/978-1-944970-33-8_8
https://doi.org/10.1175/1520-0469(1993)050<2038:DDOBWA>2.0.CO;2
https://doi.org/10.1175/1520-0469(1993)050<2038:DDOBWA>2.0.CO;2
https://doi.org/10.1175/1520-0442(2002)015<02163:std>2.0.co;2
https://doi.org/10.1175/1520-0442(2002)015<02163:std>2.0.co;2
https://doi.org/10.1002/qj.828
https://apps.ecmwf.int/datasets/data/interim-full-daily/levtype=sfc/
https://apps.ecmwf.int/datasets/data/interim-full-daily/levtype=sfc/
https://doi.org/10.5281/zenodo.5826260
https://doi.org/10.1073/pnas.1812312116
https://doi.org/10.1029/2020GL087348
https://doi.org/10.1002/qj.3297
https://doi.org/10.1175/jpo-d-14-0174.1
https://doi.org/10.1175/jpo-d-14-0174.1
http://atmos.tamucc.edu/trmm/data/gpm/level_2/kurpf/
http://atmos.tamucc.edu/trmm/data/gpm/level_2/kurpf/


C. G. Gertler et al.: Available potential energy and aspects of circulation 379

Liu, N., Liu, C., Chen, B., and Zipser, E.: What are the favorable
large-scale environments for the highest-flash-rate thunderstorms
on Earth?, J. Atmos. Sci., 77, 1583–1612, 2020.

Lorenz, E. N.: Available potential energy and the maintenance of
the general circulation, Tellus, 7, 157–167, 1955.

Lorenz, E. N.: Available energy and maintenance of a moist circu-
lation, Tellus, 30, 15–31, 1978.

Lorenz, E. N.: Numerical evaluation of moist available energy, Tel-
lus, 31, 230–235, 1979.

Madonna, E., Wernli, H., Joos, H., and Martius, O.: Warm con-
veyor belts in the ERA-Interim dataset (1979–2010). Part I: cli-
matology and potential vorticity evolution, J. Climate, 27, 3–26,
https://doi.org/10.1175/jcli-d-12-00720.1, 2014.

Oertel, A., Boettcher, M., Joos, H., Sprenger, M., Konow, H.,
Hagen, M., and Wernli, H.: Convective activity in an ex-
tratropical cyclone and its warm conveyor belt – a case-
study combining observations and a convection-permitting
model simulation, Q. J. Roy. Meteorol. Soc., 145, 1406–1426,
https://doi.org/10.1002/qj.3500, 2019.

Oertel, A., Boettcher, M., Joos, H., Sprenger, M., and Wernli, H.:
Potential vorticity structure of embedded convection in a warm
conveyor belt and its relevance for large-scale dynamics, Weather
Clim. Dynam., 1, 127–153, https://doi.org/10.5194/wcd-1-127-
2020, 2020.

O’Gorman, P. A.: Understanding the varied response of the extrat-
ropical storm tracks to climate change, P. Natl. Acad. Sci. USA,
107, 19176–19180, https://doi.org/10.1073/pnas.1011547107,
2010.

O’Gorman, P. A.: The effective static stability experienced by
eddies in a moist atmosphere, J. Atmos. Sci., 68, 75–90,
https://doi.org/10.1175/2010jas3537.1, 2011.

O’Gorman, P. A. and Schneider, T.: Energy of midlatitude transient
eddies in idealized simulations of changed climates, J. Climate,
21, 5797–5806, https://doi.org/10.1175/2008jcli2099.1, 2008.

Oort, A. H., Ascher, S. C., Levitus, S., and Peixoto, J. P.:
New estimates of the available potential energy in the
world ocean, J. Geophys. Res.-Oceans, 94, 3187–3200,
https://doi.org/10.1029/JC094iC03p03187, 1989.

Pan, Z., Mao, F., Rosenfeld, D., Zhu, Y., Zang, L., Lu, X., Thorn-
ton, J. A., Holzworth, R. H., Yin, J., Efraim, A., and Gong, W.:
Coarse sea spray inhibits lightning, Nat. Commun., 13, 4289,
https://doi.org/10.1038/s41467-022-31714-5, 2022.

Peixoto, J. P. and Oort, A. H.: Physics of climate, American Institute
of Physics, New York, ISBN 978-0-88318-712-8, 1992.

Pfahl, S., Madonna, E., Boettcher, M., Joos, H., and Wernli, H.:
Warm Conveyor Belts in the ERA-Interim Dataset (1979–2010).
Part II: Moisture Origin and Relevance for Precipitation, J.
Climate, 27, 27–40, https://doi.org/10.1175/jcli-d-13-00223.1,
2014.

Randall, D. A. and Wang, J.: The moist available en-
ergy of a conditionally unstable atmosphere, J. At-
mos. Sci., 49, 240–255, https://doi.org/10.1175/1520-
0469(1992)049<0240:tmaeoa>2.0.co;2, 1992.

Rasp, S., Selz, T., and Craig, G. C.: Convective and slant-
wise trajectory ascent in convection-permitting simulations of
midlatitude cyclones, Mon. Weather Rev., 144, 3961–3976,
https://doi.org/10.1175/mwr-d-16-0112.1, 2016.

Riemann-Campe, K., Fraedrich, K., and Lunkeit, F.: Global cli-
matology of Convective Available Potential Energy (CAPE) and
Convective Inhibition (CIN) in ERA-40 reanalysis, Atmos. Res.,
93, 534–545, https://doi.org/10.1016/j.atmosres.2008.09.037,
2009.

Rosca, D.: New uniform grids on the sphere, Astronomy
and Astrophysics, 520, A63, https://doi.org/10.1051/0004-
6361/201015278, 2010.

Schneider, T. and Walker, C. C.: Scaling laws and regime transitions
of macroturbulence in dry atmospheres, J. Atmos. Sci., 65, 2153–
2173, https://doi.org/10.1175/2007jas2616.1, 2008.

Simmons, A. J., Untch, A., Jakob, C., Kållberg, P., and
Undèn, P.: Stratospheric water vapour and tropical
tropopause temperatures in ECMWF analyses and multi-
year simulations, Q. J. Roy. Meteor. Soc., 125, 353–386,
https://doi.org/10.1002/qj.49712555318, 1999.

Stansifer, E. M., O’Gorman, P. A., and Holt, J. I.: Accu-
rate computation of moist available potential energy with the
Munkres algorithm, Q. J. Roy. Meteor. Soc., 143, 288–292,
https://doi.org/10.1002/qj.2921, 2017.

Stohl, A., Eckhardt, C., Forster, C., James, P., and Spichtinger,
N.: On the pathways and timescales of intercontinen-
tal air pollution transport, J. Geophys. Res., 107, 4684,
https://doi.org/10.1029/2001JD001396, 2002.

Su, Z. and Ingersoll, A. P.: On the minimum potential energy state
and the eddy size-constrained APE density, J. Phys. Oceanogr.,
46, 2663–2674, https://doi.org/10.1175/jpo-d-16-0074.1, 2016.

Wang, J. and Randall, D. A.: The moist available energy of a condi-
tionally unstable atmosphere. Part II. Further analysis of GATE
data, J. Atmos. Sci., 51, 703–710, https://doi.org/10.1175/1520-
0469(1994)051<0703:tmaeoa>2.0.co;2, 1994.

Wernli, H. and Schwierz, C.: Surface cyclones in the ERA-
40 dataset (1958–2001). Part I: Novel identification method
and global climatology, J. Atmos. Sci., 63, 2486–2507,
https://doi.org/10.1175/jas3766.1, 2006.

Yuval, J. and Kaspi, Y.: The effect of vertical baroclinicity con-
centration on atmospheric macroturbulence scaling relations, J.
Atmos. Sci., 74, 1651–1667, https://doi.org/10.1175/jas-d-16-
0277.1, 2017.

Zipser, E. J., Cecil, D. J., Liu, C., Nesbitt, S. W., and Yorty, D. P.:
Where are the most intense thunderstorms on Earth?, B. Am. Me-
teorol. Soc., 87, 1057–1072, 2006.

https://doi.org/10.5194/wcd-4-361-2023 Weather Clim. Dynam., 4, 361–379, 2023

https://doi.org/10.1175/jcli-d-12-00720.1
https://doi.org/10.1002/qj.3500
https://doi.org/10.5194/wcd-1-127-2020
https://doi.org/10.5194/wcd-1-127-2020
https://doi.org/10.1073/pnas.1011547107
https://doi.org/10.1175/2010jas3537.1
https://doi.org/10.1175/2008jcli2099.1
https://doi.org/10.1029/JC094iC03p03187
https://doi.org/10.1038/s41467-022-31714-5
https://doi.org/10.1175/jcli-d-13-00223.1
https://doi.org/10.1175/1520-0469(1992)049<0240:tmaeoa>2.0.co;2
https://doi.org/10.1175/1520-0469(1992)049<0240:tmaeoa>2.0.co;2
https://doi.org/10.1175/mwr-d-16-0112.1
https://doi.org/10.1016/j.atmosres.2008.09.037
https://doi.org/10.1051/0004-6361/201015278
https://doi.org/10.1051/0004-6361/201015278
https://doi.org/10.1175/2007jas2616.1
https://doi.org/10.1002/qj.49712555318
https://doi.org/10.1002/qj.2921
https://doi.org/10.1029/2001JD001396
https://doi.org/10.1175/jpo-d-16-0074.1
https://doi.org/10.1175/1520-0469(1994)051<0703:tmaeoa>2.0.co;2
https://doi.org/10.1175/1520-0469(1994)051<0703:tmaeoa>2.0.co;2
https://doi.org/10.1175/jas3766.1
https://doi.org/10.1175/jas-d-16-0277.1
https://doi.org/10.1175/jas-d-16-0277.1

	Abstract
	Introduction
	Reanalysis data, GPM database, and WCB climatology
	Calculation of MAPE
	Dividing the atmosphere into equal-mass parcels
	Determining the reference (minimum-enthalpy) state
	Calculation of nonconvective and convective MAPE
	Calculation of local MAPE

	Three-dimensional MAPE of the atmosphere
	Extratropical and global MAPE
	Local MAPE
	Nonconvective and convective local MAPE
	Nonconvective local MAPE
	Convective local MAPE


	Application to warm conveyor belts (WCBs)
	Climatological maximum potential ascent and WCBs
	Daily maximum potential ascent and WCBs

	Discussion and conclusions
	Appendix A: Uniform grid generation
	Appendix B: Sensitivities of calculation of local MAPE
	Appendix B1: Sensitivity to resolution
	Appendix B2: Sensitivity to the eddy size
	Appendix B3: Sensitivity to the method of calculation

	Code and data availability
	Author contributions
	Competing interests
	Disclaimer
	Acknowledgements
	Financial support
	Review statement
	References

