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ABSTRACT

In the existing studies on the atmospheric energy cycle, the attention to the generation of available
potential energy (APE) is restricted to its global mean value. The geographical distributions of the generation
of APE and its mechanism of formation are investigated by using the three-dimensional NCEP/NCAR
diabatic heating reanalysis in this study. The results show that the contributions from sensible heating
and net radiation to the generation of zonal and time-mean APE (Gz) are mainly located in high and
middle latitudes with an opposite sign, while the latent heating shows a dominant effect on Gz mainly in
the tropics and high latitudes where the contributions from the middle and upper tropospheres are also
contrary to that from the low troposphere. In high latitudes, the Gz is much stronger for the Winter
Hemisphere than for the Summer Hemisphere, and this is consistent with the asymmetrical feature shown
by the reservoir- of zonal and time-mean APE in two hemispheres, which suggests that the generation of
APE plays a fundamental role in maintaining the APE in the global atmospheric energy cycle. The same
contributions to the generation of stationary eddy APE (Gsg) from the different regions related to the
maintenance of longitudinal temperature contrast are likely arisen by different physics. Specifically, the
positive contributions to Ggg from the latent heating in the western tropical Pacific and from the sensible
heating over land are dominated by the heating at warm regions, whereas those from the latent heating in
the eastern tropical Pacific and from the sensitive heating over the oceans are dominated by the cooling at
cold regions. Thus, our findings provide an observational estimate of the generation of eddy APE to identify
the regional contributions in the climate simulations because it might be correct for the wrong reasons in
the general circulation model (GCM). The largest positive contributions to the generation of transient eddy
APE (Grtg) are found to be at middle latitudes in the middle and upper tropospheres, where reside the
strong local contributions to the baroclinic conversion from transient eddy APE to transient eddy kinetic
energy and the resulting transient eddy kinetic energy.

Key words: diabatic heating, zonal and time-mean, stationary eddy, transient eddy, generation of available

potential energy (APE)

1. Introduction

The generation of available potential energy
(APE) is a fundamental component of the atmospheric
energy cycle, because it describes the mechanism how
the APE, which is continuously converted into kinetic
energy in the atmosphere, is maintained by the dia-
batic heating process.

In the previous studies on the global atmospheric
energy cycle, the generation of APE was usually ob-
tained as a residual from other terms of the energy
cycle through a balance requirement, rather than di-
rectly from the distributions of atmospheric heating

and temperature (Oort, 1964; Oort and Peixoto, 1974;
Oort and Peixoto, 1983; Arpe et al., 1986; Ulbrich and
Speth, 1991). This residual method, however, gives no
information about the contribution from different re-
gions to the global generation of APE. Moreover, the
errors in the other terms are accumulated in the resid-
ual. Since longitudinal and temporal temperature con-
trasts are maintained by the generation of eddy APE,
this generation component is a main determinant of
the climate on a regional scale. For an investigation of
the generation of APE, the global three-dimensional
distribution of diabhatic heating is required. Due to
the lack of better observations, realistic estimates of
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some important aspects of atmospheric energetics,
such as the generation of eddy APE, are not well ex-
plored in the past. Therefore, its simulation with a
GCM cannot be validated. Also, it is not clear for
the contributions to the generation of APE from the
various components of diabatic heating (latent heat-
ing, sensible heating, and net radiation) in different
regions.

In terms of the diabatic heating data from
NCEP/NCAR reanalysis (Kalnay et al., 1996), the
generation of APE in the atmosphere according to
Lorenz’ (1955a, b) approximate equation, which is
determined by the product of diabatic heating and
temperature anomalies, is investigated in this study.
Lorenz (1955a) showed that APE is generated if heat-
ing occurs at high, and cooling occurs at low temper-
atures. Here “high” and “low” mean relative to other
latitudes, longitudes, and times. Therefore, the gen-
eration of APE in this paper is separated into three
components: the generation of zonal and time-mean,
of stationary eddy, and of transient eddy APE. These
components are associated with the maintenance of
latitudinal, longitudinal, and temporal temperature
contrasts, respectively. The contributions to the gen-
eration of APE from the total diabatic heating and
three components (latent heating, sensible heating,
and net radiation), and their mechanism of formation
are also investigated.

The paper is organized as follows. Section 2 pro-
vides a brief description of method and data for calcu-
lating the generation. Section 3 firstly gives the global
integral values of generation of APE, then describes its
geographic distribution and mechanism of formation,
and performs a consistency analysis of the diabatic
heating derived by using direct and indirect methods.
Finally, Section 4 contains the summary and discus-
sion in the study.

2. Method and data

2.1 Method for calculating the generation

Lorenz (1955b) has given the generation of APE,
G(p), an approximate expression in the form:

1
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where A is the mean radius of the earth, ¢ = ¢— {q},
and T” = T — {T}. Here {g} and {T'} are the global
averages of the diabatic heating, ¢, and temperature,
T, on an isobaric surface. The stability parameter
can be expressed as
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where p is pressure, and K = (cp — ¢v)/cp, where ¢p
and ¢, are the specific heats of dry air at constant pres-
sure and volume, respectively. The integral in Eq.(1)
is taken over the entire mass of the atmosphere.

Assuming hydrostatic equilibrium, the time-mean
of Eq.(1) can be written as

G(p) = Gz + Gsg + G, (3)
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Here g is the gravity acceleration, pg is the zonal and
time-mean surface pressure, ¢ is latitude, [z] is the
zonal-mean of z, T is the time-mean of z (in this pa-
per the monthly mean), and z’ and z* are the devia-
tion of z from ¥ and [z], respectively. Equations (3a),
(3b), and (3c) are the approximate equations for the
generation of zonal and time-mean, stationary eddy,
and transient eddy APE, respectively. In Eq.(3) the
G-symbols all denote globally averaged quantities.

Since the global three-dimensional daily diabatic
heating data are not available, the field of diabatic
heating (g) used for the calculation of generation of
transient eddy APE is obtained as a residual in the
thermodynamic energy equation, which can be writ-
ten as
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where A is longitude, ¢ is time, u is zonal wind, v is
meridional wind, and w = dp/dt. The circulation data
used in Eq.(4) (u,v,w, and T) are the global four-times
daily (00, 06, 12, and 18 Z) NCEP/NCAR reanalysis
data for the Januaries of 1990-1996 and Julies of 1990-
1996.

2.2 Data

For the generation of zonal and time-mean, and
stationary eddy APE, the monthly mean diabatic
heating reanalysis is used in the calculation. These
monthly mean diabatic heating data are obtained from
NCEP/NCAR reanalysis including six heating rates
that have 28 layers in the vertical direction with o-
coordinates: vertical diffusion, deep convection, shal-
low convection, large-scale condensation, shortwave
radiation, and longwave radiation. These reanalysis
data for seven Januaries of 1990-1996 and seven Julies
of 1990-1996 are used in this study and interpolated
in the vertical from o-coordinates to 11 pressure levels
(1000, 850, 700, 500, 300, 200, 150, 100, 50, 30, and 10
hPa). Thus, the total diabatic heating on an isobaric

surface, ¢(p), can be written as
q(p) = SH(p) + LH(p) + RD(p), (5)

where SH(p) is the vertical diffusion heating rate on
an isobaric surface induced by the conduction of sen-
sible heating, LH (p) is the total latent heating rate of
large-scale condensation, deep convection, and shallow
convection on an isobaric surface, and RD(p) is the net
radiation in the atmosphere on an isobaric surface,
which is the sum of net shortwave radiation heating
rate and net longwave radiation heating rate.

3. Results
3.1 Globally averaged values

Table 1 gives the globally averaged values of the
generation of zonal and time-mean, stationary eddy.
and transient eddy APE (Gz,Gsg, and Gtg, respec-
tively) in January and July which is a direct estimate
of the generation of APE by using the fields of diabatic
heating and temperature. The values of both Gz and
Gsg are positive while those of Gty are negative. The
value of Gz is about 12% larger in January than that
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in July, but the value of Gsg is 35% less in January
than that in July. In contrast to the results based on
the residual method (Ulbrich and Speth, 1991), the
computed values of Gz in this study are well consis-
tent with the corresponding values derived from
the residual method that are 2.20 W m~2 in January
and 1.94 W m~2 in July, while the values of Ggg are
somewhat overestimated compared to the findings by
Ulbrich and Speth (1991) (0.19 W m~2 in January
and 0.30 W m~2 in July). Interestingly, the values of
GTg estimated by using two methods have the same
sign (negative) and the comparative magnitude. The
following discussion will further depict the local con-
tribution to the generation of APE to gain a better
understanding of its global mean value presented in

this paper.

Table 1. Globally averaged values of the generation of
zonal and time-mean, stationary eddy, and transient eddy
APE (Gz, Gsg, and GrTE, respectively) in January and

July, in units of W m~2

Gz Gse Gte
January 2.03 0.34 -0.15
July 1.81 0.52 -0.20

3.2 The generation of zonal and time-mean

avatlable potential energy

Figure 1 shows the local contribution to the gen-
eration of zonal and time-mean APE from the total
diabatic heating and the corresponding three compo-
nents in January. The positive contributions domi-
nate in most of the tropospheres especially in high
latitudes and tropical regions of both hemispheres
(Fig.1a), which is consistent with the positive global
mean value of Gz (see Table 1). The large negative
contributions occur mainly in southern high latitudes
and northern middle latitudes of the low troposphere,
and the small negative contributions are present at the
tropical near-surface level and the middle troposphere
of northern subtropics. By comparing the contribu-
tions from three components, it is found that the pos-
itive contribution to Gz is dominated by the latent
heating in the troposphere above 700 hPa, and the
latent heating also leads to the strong negative contri-
bution to Gz in high latitudes of the low troposphere
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(Fig.1b). The local contribution to Gz from sensible negative contribution in northern middle latitudes are
heating is confined to the low troposphere where the  available (Fig.1c). The net radiation almost shows a
strong positive contribution in high latitudes and the

Pressure (hPa)

|
bimatoina |
utmawts

Fig.1. Local contributions to the generation of zonal and time-mean available potential energy (Gz) from
the total diabatic heating (a), latent heating (b), sensible heating (c), and net radiation (d) in January.
Unit: 107°W m~2 Pa~!
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uniform negative contribution in middle and high lat-
itudes except for a weaker positive contribution in the
region poleward 60°N from 850 to 500 hPa (Fig.1d).
It is also noted that in the tropics, the weak negative
contribution to Gz at near-surface level is attributed
to the collective efforts of sensible heating and net ra-
diation, although the dominant strong positive contri-
bution is from the release of latent heat. In a word,
the sensible heating and net radiation present the con-
tributions to Gz mainly in middle and high latitudes
where the contributions between them are opposite,
the latent heating shows a significant effect on Gz
mainly in tropics and high latitudes where the con-
tribution from the middle and upper tropospheres is
also opposite to that from the low troposphere.

In July (Fig.2), the local contribution to Gz ex-
hibits an obvious seasonal variation. In comparison
with the pattern of Gz in January, it can be seen
that in high latitudes the local contribution to Gz is
much stronger for the Winter Hemisphere than for the
Summer Hemisphere, whereas this case is reversed in
the tropical region, that is, the contribution to Gz
is stronger for the Summer Hemisphere than for the
Winter Hemisphere (Fig.2a). The contributions to Gz
from both the total diabatic heating and three com-
ponents are subjected to the above same features of
seasonal variation (Figs.l and 2). Interestingly, the
observed contribution from sensible heating in south-
ern high latitudes is capable of reaching the tropo-
sphere around 500 hPa in July (Fig.2c), while it is
restricted to the low troposphere below 850 hPa in
January (Fig.1c). The effect of net radiation on Gz
for July is negligible in the northern high latitudes
(Fig-2d).

To investigate the mechanism by which the con-
tribution to Gz in January and July is maintained
(Figs.1a and 2a), an analysis of the fields of diabatic
heating and temperature is thus highlighted. Figure 3
shows the distribution of meridional temperature con-
trast and total diabatic heating contrast in January
and July. In the troposphere, the low latitudes are the
relatively warm regions, and the middle and high lat-
itudes are the relatively cold regions. However, in the
stratosphere, the above case is reversed, i.e., the low
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latitudes are the relatively cold regions, and the mid-
dle and high latitudes are the relatively warm regions
(Figs.3a and 3c). By associating with the tempera-
ture configuration, the distribution of diabatic heat-
ing directly determines the sign of the contribution to
Gz. The tropical region is dominated by the heating
whose maximum is 0.015 W kg~! centered at 10°S in
January (Fig.3b) and 0.018 W kg~ ! centered at 10°N
in July (Fig.3d). Therefore the seasonal variation of
tropical Gz (Figs.la and 2a) is largely attributed to
the seasonal movement of the heating center. In high
latitudes, most of the region is dominated by-the cool-
ing except that the low troposphere of Summer Hemi-
sphere is dominated by the heating (Figs.3b and 3d).
Lorenz (1955a) showed that APE is generated if heat-
ing occurs at high, and cooling occurs at low tem-
peratures. The generation of APE is proportional to
the covariance of diabatic heating and temperature.
Therefore, it is understandable that in high latitudes
most of the troposphere is dominated by the positive
contribution to Gz, whereas the low troposphere of
Summer Hemisphere is dominated by negative contri-
bution (Figs.1a and 2a). The similar interpretation is
also applied to the negative contribution to Gz over
the subtropics of Winter Hemisphere, because it is rel-
atively cooling and warming over that region (Fig.3),
and this configuration of the fields of diabatic heating
and temperature may result in the reduction of zonal
and time-mean APE (negative Gz) over there.

For the generation of Gz, it should be noted that
the “heating” or “cooling” here is a “relative” concept,
which means the heating or cooling region relative to
other latitudes, instead of the heating or cooling in-
dicated by the positive or negative sign that the di-
abatic heating itself has. Furthermore, our findings
show that in high latitudes the Gz is much stronger
for the Winter Hemisphere than for the Summer Hemi-
sphere, which is consistent with the asymmetrical fea-
ture that the reservoir of zonal and time-mean APE
shows in two hemispheres (Ulbrich, 1989). This
implies that the generation of APE plays a fundamen-
tal role in the global atmospheric energy cycle, since
the APE continuously converted into kinetic energy in
the atmosphere is maintained by the generation term.
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3.3 The generation of stationary eddy available

potential energy

According to the definition of the generation of
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stationary eddy APE Gsg (see Eq.(3b)), the local con-
tribution to Gsg is determined by the correlation of
stationary eddy diabatic heating and stationary eddy
temperature (g*T ) (a description of the symbols has
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Fig.2. As in Fig.1, but for July.
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been given in Section 2.1). Therefore, we use the pat-  Ggg, which may make a straightforward explanation
tern of G*T* to indicate the horizontal distribution of of the contribution to Gsg.

Fig.3. Distributions of meridional temperature contrast [T] — {T'} and total diabatic heating contrast
[a) — {q}- Unit: K; W kg™*. (a) [T] ~ {T}, January, (b) [¢] - {q}, January, (c) [T] - {T}, July, and (d)
[q] — {q}, July.
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The geographical distribution of ﬁ*-f* in the up-
per troposphere (300 hPa) in January is shown in
Fig.4. The local contribution to Gsg is mainly located
in the region between 30°S and 30°N. The negative
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contribution over the area of Kuroshio (Fig.4a) is due
to a united effort of the sensible heating (Fig.4c) and
net radiation (Fig.4d) with comparative magnitude,
and the negative contribution over the southeastern

90°N

(a) ™= = —

70
50
30
10

160

Fig.4. Geographical distributions at 300 hPa in January of 3*T" (in 10~2K W kg™1). (a) The contribution
from the total diabatic heating, (b) the contribution from the latent heating (LH T ), (c) the contribution
from the sensible heating (SH T ), and (d) the contribution from net radiation (RD"T").



NO.2

Pacific (Fig.4a) is mainly from the latent heating
(Fig.4b). Also, a good consistency between the contri-
bution to Gsg from the total diabatic heating and from
the latent heating is shown over most of the regions
including the tropical central and western Pacific, the
tropical eastern Pacific, the southern Atlantic, South
America, and the equatorial Africa, which suggests
that the contribution to Gsg in the upper troposphere
is dominated by the latent heating.

In January, the contribution to Gsg in the mid-
dle troposphere is also dominated by the latent heat-
ing and less affected by the sensible heating and net
radiation (figure not shown). The major features of
Gsg in the low troposphere are that the contribution
from the latent heating is largely located in the east
of Asia Continent and the northern Atlantic, and that
the contribution from the sensible heating is found to
be mainly around 30°S with three positive maxima
centered at the south of Africa, Australia, and south-
ern South America, respectively.

In July, the positive values of Ggg in the upper
troposphere are mainly due to the release of latent heat
in the monsoon region. In the middle troposphere,
overall, they are also the results of latent heating, but
the positive contribution induced by the sensible heat-
ing over the Tibetan Plateau is very strong (figure not
shown). The low troposphere at 850 hPa is dominated
by the positive contribution shown in Fig.5a. It can
be seen that there are only weak positive contribu-
tions from the latent heating over South Asia and the
subtropical eastern Pacific (Fig.5b), whereas there are
significant contributions from the sensible heating over
Asia-Africa Continent, southwest of North America,
and the subtropical eastern Pacific with four maxima
centered at the Iran Plateau, the Arab Peninsula, the
Sahara of North Africa, and southern Africa (Fig.5¢).
Interestingly, the net radiation also shows a weak pos-
itive effect on the local contribution to Gsg over the
Iran Plateau (Fig.5d).

The above analysis describes the geographical dis-
tributions of Gsg from the total diabatic heating and
the associated three components. However, the posi-
tive local contribution to Ggg may be due to the heat-
ing (§* > 0) over the relatively warm region (T~ > 0)
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at the same latitude, or the cooling (g* < 0) over the
relatively cold region (T* < 0) at the same latitude.
To figure out the physics how the local contribution
to Gsg arises, it is essential for us to investigate the
patterns of diabatic heating and temperature, respec-
tively.

Figure 6 gives the geographical distributions of
stationary eddy temperature T (the deviation of tem-
perature from its zonal mean value) and stationary
eddy diabatic heating §* (the deviation of diabatic
heating from its zonal mean value). In January, the
cold regions (T* < 0) in the upper troposphere are
over Eurasia Continent, most of Africa, and North
America, while the warm regions (T > 0) are over
the area of Kuroshio, the northeastern Pacific, and
the northern Atlantic (Fig.6a). The different pat-
terns between heat source over the oceans and heat
sink over land are owing to the fact that the oceans
have the larger thermal capacity than land, and as a
result, the oceans are warmer regions in contrast to
land for the northern winter. Furthermore, the east-
ern Pacific between 45°S and 30°N is relatively cold
region and the western Pacific is relatively warm re-
gion, which is consistent with the zonal SST distribu-
tion of warm pool and cold tongue. The correspond-
ing stationary eddy latent heating in the upper tropo-
sphere at 300 hPa is shown in Fig.6b. It indicates that
the heating regions (g* > 0) are primarily located in
the area of Asian Monsoon, tropical western Pacific,
and South America, and the cooling regions (§* < 0)
are over the tropical eastern Pacific and the tropical
Atlantic (shaded areas).
ing the pattern between heating (cooling) region and
warm (cold) region in January, it is found that in the

Consequently, by compar-

upper troposphere the positive contribution to Gsg
from the latent heating over the tropical western Pa-
cific (Fig.4b) is attributed to the heating (Fig.6b) at
warm region (Fig.6a), but that over the tropical east-
ern Pacific (Fig.4b) is the result of the cooling (Fig.6b)
at cold region (Fig.6a). In July, the sensible heating
in the low troposphere is much enhanced over land,
especially over Africa Continent, eastern Asia, Iran
Plateau, southern North America, and eastern South
America. However, the oceans appear to be cooling
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0 40°E 80 120 160 160 120 80 40°W 0
90°N =)

Fig.5. Geographical distributions at 850 hPa in July of ¢*T (in 10"2K W kg™!). (a) The contribution
from the total diabatic heating, (b) the contribution from the latent heating (LH T ), (c) the contribution
from the sensible heating (SH T ), and (d) the contribution from net radiation (RD"T").

regions induced by the sensible heating (shaded areas) summer (Fig.6c). Therefore, this unique pattern of
(Fig.6d). In the meanwhile, the continent is warm sensible heating and temperature is responsible for the
region and the ocean is cold region for the northern  ubiquitously positive contribution to Ggg both over
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0 40°E 80 120 160 160 120 80 40°W 0

Fig.6. Geographical distributions of stationary eddy température T*(i.e., T — [T]) and stationary eddy
diabatic heating §*(i-e., § — [g]). Unit: K; 1072 W kg™!. (a) Temperature at 300 hPa, January, (b) latent
heating at 300 hPa, January, (c) temperature at 850 hPa, July, and (d) sensible heating at 850 hPa, July.

land and over the oceans (Fig.bc). It also suggests (cooling) region is a crucial determinant of the sign of
that the correlation of warm (cold) region and heating  contribution to Gsg.
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3.4 The generation of transient eddy available

potential energy

Figure 7 shows the zonally averaged local contri-
butions to the generation of transient eddy available
It is found that the contri-
bution to Grg is positive in the middle troposphere

potential energy (GTg).

and negative in the low troposphere, the upper tro-
posphere around 200 hPa and the stratosphere. Also,
it can be reasonably inferred that the negative global
integral value of Gtg (see Table 1) may be due to the
larger negative contribution in the low troposphere.
The local negative contribution to Grg in the low tro-
posphere and the stratosphere shows an obvious sea-
sonal variation that it is stronger in the Winter Hemi-
sphere than in the Summer Hemisphere. To explore
the contributions to Grg from different components of
the diabatic heating, the daily three-dimensional data
are needed for the calculation. However, this effort to
identify the contributions from different components
is hampered by the lack of available data at present.
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Nevertheless, the previous discussions on the contri-
butions to Gz and Gsg have substantiated that in the
middle and upper troposphere the contributions are
dominated by the latent heating and in the low tropo-
sphere the contributions are dominated by the sensible
heating. With the aid of the above findings, it is sug-
gested that the positive contributions to Grg in the
middle troposphere may be largely attributed to the
positive correlation between the release of latent heat
and temperature, and the negative contributions to
GTE in the low troposphere could be mainly the results
of the negative correlation between the sensible heat-
ing and temperature. It is also noted that the genera-
tion of transient eddy available potential energy Gtg
exhibits the largest local contributions at middle lati-
tudes in the middle troposphere for two hemispheres,
which may lead to the strong local contributions to
the baroclinic conversion from transient eddy APE to
transient eddy kinetic energy and the assoicated tran-
sient eddy kinetic energy over that region (Ulbrich and
Speth, 1991; Zhang, 2001).

01—

1001 (@) 0\(‘__‘—/0
150

200 </ 0

Ao

EQ 30

Fig.7. Zonally averaged contribution to the generation of transient eddy available potential energy (GtE).

Unit: 107°W m™2 Pa~’. (a) January, and (b) July.
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From the geographical distributions of GTg
(Fig.8), it can be seen that the contribution to GTg
is negative at 200 hPa in the upper troposphere. For
the Southern Hemisphere, the negative contribution
is basically over the oceans around 50°S both in Jan-
uary and July. For the Northern Hemisphere, it is
over the continents and oceans around 40°N in Jan-
uary (Fig.8a), and moves northward to 50°N with re-
duced magnitudes in July {(Fig.8b). The contribution
in low latitudes is negligible, which is in agreement
with the zonal mean results shown in Fig.7.

The contribution to Gg is primarily positive at
500 hPa in the middle troposphere (Figs.8c and 8d).
In January, the significant positive contributions are
found to be located in the stormtrack regions of the
northern Pacific and Atlantic Oceans (Fig.8¢c). In July,
the positive contributions are considerably weakened
in the stormtrack regions, and they are also somewhat
reduced in the east of North America and North Eu-
rope, but enhanced in middle and high latitudes of the
Southern Hemisphere (Fig.8d).

In the low troposphere (1000 hPa), the contribu-
tion to Gtg is almost negative in middle and high
latitudes of two hemispheres (Figs.8e and 8f). For
the Northern Hemisphere, the negative contribution
is very significant over both land and oceans with
maximum occurring at the stormtrack regions as well
in January (Fig.8¢), and it is much weaker in July
(Fig.8f). For the Southern Hemisphere, this case is re-
versed, that is, the negative contribution is very weak
in January (Fig.8e) but very strong in July (Fig.8f). It
is also found that the Grg contrast between the Win-
ter Hemisphere and the Summer Hemisphere is more
notable in the low troposphere than in the middle and
upper tropospheres.

3.5 A consistency study of the diabatic heating

The inaccuracy of the generation of APE is
determined by the errors in the diabatic heating
term. The monthly mean diabatic heating data from
NCEP/NCAR reanalysis are used in the calculation
of Gz and Ggg (see Eq.(5), the direct method here-
inafter), while the field of diabatic heating for the cal-
culation of Gg is obtained as a residual in the ther-
modynamic energy equation (see Eq.(4), the indirect
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method hereinafter). Thus, it is required to perform
a consistency study of the diabatic heating derived by
using these two methods, with the purpose of better
understanding and validating the findings presented in
this study.

Figure 9 shows the zonally averaged distributions
of the diabatic heating obtained by using the above
two methods. It can be seen that there is a good agree-
ment between these two kinds of the diabatic heating
in most of troposphere. The main discrepancy lies
in low latitudes from the low troposphere. Due to
the strong radiative cooling, the diabatic heating ob-
tained by the direct method is negative (Figs.9a and
9c), but the diabatic heating obtained by the indi-
rect method is positive over that region (Figs.9b and
9d), being consistent with previous findings (Michael
and Baader, 1978). Because the dominant contribu-
tion to GTg occurs at middle and high latitudes (Fig.7)
and the magnitude of diabatic heating is considerably
small over the tropics in the low troposphere, it is
believed that the discrepancy between the above two
kinds of diabatic heating data in low latitudes will not
affect the conclusions on the contribution to GTg in
this study. It is also found that the large contribu-
tions to Grg in the stratosphere of the Winter Hemi-
sphere (Figs.7Ta and 7b) and in the low troposphere
of the Antarctic in July (Fig.7b) are associated with
the strong diabatic heating derived by using the indi-
rect method over there (Figs.9b and 9d). The strong
diabatic heating in the Antarctic may be due to the ef-
fects induced by the steep topography, and that in the
stratosphere is attributed to the large vertical gradient
of potential temperature that partially determines the

residual heating.
4. Summary and discussions

The previous studies on the generation of avail-
able potential energy are restricted to its global mean
value. In this study, the generation of APE in the at-
mosphere according to Lorenz’ (1955a, b) equations,
which is separated into three parts (zonal and time-
mean, stationary eddy, and transient eddy), is investi-
gated in the space-time domain with the emphasis on
the contributions of different components of the
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Fig.9. Zonally averaged distributions of the diabatic heating [g]. Unit: W kg~!. (a) January, derived from
NCEP/NCAR reanalysis (see Eq.(5)), (b) January, obtained as a residual in the thermodynamic energy
equation (see Eq.(4)). (c) July, derived from NCEP/NCAR reanalysis (see Eq.(5)), and (d) July, obtained
as a residual in the thermodynamic energy equation (see Eq.(4)).
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diabatic heating (latent heating, sensible heating, and
net radiation). A preliminary study on the physics of
the generation of APE is also explored in this paper.

By using the fields of the diabatic heating and
temperature to directly estimate the generation of
APE, the results show that the global integral values
of Gz and Gsg are positive whereas those of Grg are
negative. As far as the seasonal variation is concerned,
the value of Gz is about 12% larger in January than
in July, but the value of Gsg is 35% less in January
than in July.

The local contribution to Gz shows that the pos-
itive contribution from the latent heating, which is
centered around 500 hPa in the Summer Hemisphere,
dominates in the tropical troposphere and there is also
a small negative contribution from the latent heating
in the subtropical troposphere. In high latitudes the
effect of the latent heating on Gz is that the contri-
bution from the low troposphere (negative) is oppo-
site to that from the middle and upper tropospheres
(positive). The contribution of the sensible heating is
largely positive and dominates in middle and high lat-
itudes, where the contribution of the net radiation is
basically negative. It is also found that in high lati-
tudes the contribution to Gz is much stronger for the
Winter Hemisphere than for the Summer Hemisphere,
being in line with the asymmetrical pattern that the
reservoir of zonal and time-mean APE exhibits in two
hemispheres (Ulbrich, 1989), which suggests that the
generation of APE plays a fundamental role in main-
taining the APE in the global atmospheric energy cy-
cle.

The positive contributions to Gsg in the up-
per tropospheres are dominated by the latent heat-
ing which are mainly located over the tropical Pacific
and the tropical Atlantic in January and due to the
release of latent heat in the monsoon region in July,
while the effects of the sensible heating and the net
radiation appear to be small. In the middle tropo-
sphere, overall, the contributions to Gsg are also the
results of the latent heating. The major feature of Gsg
in the low troposphere for January is that the contri-
butions from the latent heating are largely located in
the east of Asia Continent and the northern Atlantic,
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and that the contributions from the sensible heating
are found to be mainly around 30°S with three pos-
itive maxima occurring at south of Africa, Australia,
and South America, respectively. The contribution
to Gsg in the low troposphere for July is dominated
by the sensible heating over the Asia-Africa Continent
and less affected by the latent heating. In general, the
contribution from the net radiation is negative and the
magnitude is very small.

The same contributions to Gsg and Gz from the
different regions likely result from different physics.
For example, the positive contribution to Gz in high
latitudes of the middle and upper tropospheres is due
to the cooling at cold regions while that in low lati-
tudes is due to the heating at warm regions. The pos-
itive contributions to Gsg from the latent heating in
the western tropical Pacific and from the sensible heat-
ing over land are dominated by the heating at warm
regions, whereas those from the latent heating in the
eastern tropical Pacific and from the sensible heating
over the oceans are dominated by the cooling at cold
regions. These findings provide an important obser-
vational reference for clarifying the errors of the gen-
eration of eddy APE on regional scales in the climate
simulations because it might be correct for the wrong
reasons in the general circulation model (GCM).

The contributions to the generation of transient
eddy APE (Gtg) are confined to the regions at mid-
dle and high latitudes where they are negative in the
low troposphere, upper troposphere and the strato-
sphere but positive in the middle troposphere. The
strongly positive contribution is mainly in the winter
stormtrack region. The largest contributions to GTg
are found to be at middle latitudes of the middle tro-
posphere, which corresponds to the largest local con-
tributions to the baroclinic conversion from transient
eddy APE to transient eddy kinetic energy and the
resulting transient eddy kinetic energy over there (Ul-
brich and Speth, 1991; Zhang, 2001).

The monthly mean diabatic heating data ob-
tained as a residual in the thermodynamic energy
equation and from NCEP/NCAR reanalysis are com-
pared to investigate the possible effect of the dis-
crepancy between these two kinds of data on the
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contribution to GTg in this study. The results show
that these two kinds of the diabatic heating are consis-
tent with each other in most of troposphere except for
the low troposphere over the tropics. Considering that
the dominant contribution to Grg is located at mid-
dle and high latitudes and the magnitude of diabatic
heating is considerably wéak over the tropics in the
low troposphere, it is suggested that the discrepancy
between two kinds of data will only have a negligible
effect on the contribution to Grg in this paper.

As an extremely vital component of the global at-
mospheric energy cycle, the generation of APE plays
a crucial role in revealing the main climatological fea-
tures of the atmospheric circulation, which will be
highlighted in a separate study.
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