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1. INTRODUCTION

Polar region is the sink of atmospheric en-
ergy and plays a major role in the global circu-
lation. It is important to understand the role of
polar regions within the global circulation and
estimate the energy and energy transformation
in these regions.

The global energy budget introduced by
Lorenz (1955) gives a comprehensive view of
the atmospheric circulation. Saltzman (1957,
1970) expanded it into zonal wavenumber do-
main. Many studies examined the global energy
budget by use of these methods (e.g., Oort 1964;
Manabe et al. 1970; Kung and Tanaka 1983).
However, it is difficult to recognize the role of
polar regions from the global-mean budget.

The purpose of this study is to examine the
energy budget in polar regions by using the en-
ergy budget equations with zonal wavenumber
domain. In order to estimate the energy budget,
JRA-25 dataset, which is an up-to-date reanal-
ysis data made in Japan, is used.

2. METHOD AND DATA

Energy cycle after Lorenz (1955) is a power-
ful tool to examine the aspect of general circu-
lation. It is represented as the budget equations
of available potential energy (P) and kinetic en-
ergy (K), divided between zonal and eddy com-
ponents:
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ot G(Pz) — R(Pz,Pg) — C(Pz,Kz), (1)
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5, = GPp)+R(Pz,Pr)—C(Ps,Kp),  (2)
88% = M(Kg,Kz)+C(Pz,Kz)— D(Kz), (3)
a(‘% = —M(Kg,Kz)+C(Pp,Kp) - D(Kg). (4)

Here, subscripts Z and E designate the zonal
and eddy components, respectively. G is the
generation of P, R the conversion from Py to
Pg, M the conversion from Kp to Kz, C the
conversion from P to K, and D the dissipation
of K. All terms in Eqs. (1)-(4) represent the
values integrated over the total mass of atmo-
sphere.

Saltzman (1957, 1970) expanded it into the
spectral energetics in terms of the Fourier de-
composition in zonal direction. This scheme en-
ables us to examine the mutual interactions be-
tween eddies. Equations for the eddy, Eqs. (2)
and (4), can be rewritten as follows:

5t = G(n)+ R(n) + S(n) — C(n), (5)
O~ M)+ 1)+ C) - D), (6)

at N = 1,2,3,...,N. Here n is the zonal
wave number. In Egs. (5) and (6), R(n)
and —M (n) represent the conversion from zonal
component to the eddy of zonal wave number
n (i.e., zonal-wave interactions) in available po-
tential energy and kinetic energy, respectively.
Their terms satisfy R(Pz,Pg) = Y ,=; R(n)
and M (Kg,Kz) = > 52, M(n). Wave-wave in-
teractions of available potential energy and ki-
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Figure 1: Energy flow diagram in the zonal

wavenumber domain for 22 winters from 1979 to 2000
with JRA-25 dataset. Units of energy and transfor-
mation are 10* Jm 2 and 1072 Wm ™2, respectively.

netic energy are designated by S(n) and L(n),
which show the energy conversion from all eddies
to the eddy whose zonal wave number is n. The
total sum of S (L) is zero; i.e., Y 021 S(n) =0
and > 02 L(n) = 0. In this study, N in Egs.
(5) and (6) is set at 72, which is the Nyquist
wave number.

The data used in this study are six-hourly
JRA-25 dataset for 22 winters (DJF) from 1979
to 2000. It was downloaded from the JRA-25
homepage (http://www.jreap.org/). Resolution
of given data is 2.5° x 2.5° intervals in longi-
tude/latitude directions and 23 vertical levels
(1000, 925, 850, 700, 600, 500, 400, 300, 250,
200, 150, 100, 70, 50, 30, 20, 10, 7, 5, 3, 2, 1 and
0.4 hPa). Field variables used for computing the
energy cycle are the horizontal wind, (u, v), tem-
perature, T', and dew-point depression, T' — T.
T — Ty is available in 8 levels up to 300 hPa.
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Figure 2: Energy box diagram in (a) global, (b)
north polar and (c) south polar region, for 22 winters
from 1979 to 2000 with JRA-25 dataset. Units of
energy and transformation are 10* Jm~=2 and 1072
Wm 2, respectively.



3. RESULT

First, global-mean energy budgets were esti-
mated by use of JRA-25 dataset. Figure 1 shows
the diagram of global-mean energy flows aver-
aged for 22 winters from 1979 to 2000. Large
G(0) (2.80 Wm™—2) due to differential heating is
most of the energy input into the global energy
cycle. Zonal available potential energy P(0)
is converted to eddy available potential energy
P(n) via R(n), and P(n) is converted to eddy
kinetic energy K (n) via C'(n). The peak of R(n)
and C(n) is zonal wavenumber 3, and another
peak is seen in zonal wavenumber 6. Wave-wave
interactions, S(n) and L(n), redistribute P(n)
and K(n) among the eddy components. The
directions of S(n) show that the available po-
tential energies of n = 2 to 6 are converted to
higher frequency eddies (n > 8). On the other
hand, L(n) converts the synoptic-scale eddies
(n = 6 to 11) to both downscale and upscale.
The energy input into K (n) is mostly balanced
with dissipation D(n), and partly converted to
zonal kinetic energy K (0) via M(n). Zonal-
mean meridional circulation makes the conver-
sion from P(0) to K(0), i.e. C(0), and the mag-
nitude of C'(0) is about 10 % of R(n).

Next, we examine the energy budget of polar
regions in the same manner. North and south
polar regions are defined as 60-90°N and 60-
90°S, respectively. Figure 2 illustrates four-box
diagrams of energy flows in (a) global-mean, (b)
north polar and (¢) south polar region. In the
north polar region, the magnitudes of Pz, Pg,
K, and Kp are 2005, 174, 58 and 127 x 10*
Jm™2, which are about 400, 270, 70 and 160 %
of the global mean. These are 923, 51, 31 and
58 x 10* Jm~2 in the south polar region, which
are about 180, 80, 40 and 70 % of the global
mean. It is natural that Pz in the polar regions
is much larger than in the global mean, since the
available potential energy introduced by Lorenz
(1955) is proportional to the square of temper-
ature deviation from the zonal and meridional
averages. The value of Kz in the polar regions
is small in comparison with the global mean. It
seems that the small K7 is due to the jet stream
out of the defined polar regions. Overall, the en-
ergy components in the south polar region is a
half of the north polar region. It is suggested
that its characteristic is mainly due to the dif-
ference of season.
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Figure 3: Energy spectra in the zonal wavenumber
domain for 22 winters from 1979 to 2000 with JRA-
25 dataset.

In Fig. 2(b), Kg is about 60 % larger than
the value in the global mean. In order to ex-
amine the feature for each zonal wavenumber,
the energy spectra of kinetic energy are showed
in Fig. 3. Energy spectrum in the north po-
lar region is larger than the global mean in
low-frequency waves (zonal wavenumber 1-5).
In contrast, high-frequency components (zonal
wavenumber > 6) show small energy in the
north polar region in comparison with in the
global mean. These results suggest that plan-
etary waves are dominant in the polar regions.
In south polar region, kinetic energy is smaller
than in the global mean in all the wavenumbers.

When the energy budget is evaluated into
the limited region, we must consider the energy
flows through the boundaries of the region. Now
we study the zonal baroclinic conversion C(0).
In the energy budget equations averaged over
the polar region, the conversion of available po-
tential energy released within the region to ki-

netic energy either within or outside the region,
CP(Py), is written by

CP(PZ):f/IgT@, (7)

where the bar denotes the zonal average, [ the
average over the polar region, p the pressure, T’
the temperature, w the vertical p-velocity and R
the gas constant for air. On the other hand, the
conversion of available potential energy released
either within or outside of the region to kinetic
energy within the region, CK(Ky), is written

CK(KZ):—/V~V<T>, (8)
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Figure 4: Conversion from eddy available potential
energy to eddy kinetic energy for 22 winters from
1979 to 2000 with JRA-25 dataset. In polar regions,
both CP and C'K are shown.

where V = (u, v) shows the horizontal wind and
® denotes the geopotential. Therefore, CK(Kyz)
and CP(Py) are related by

1  0vPcosd
a cos 0 a0

CK(Kz)—CP(Pz) = —/ = BWgz, (9)
where ¢ is the radius of the earth. BW is the
work of the pressure gradient on the boundary.
This term vanishes when it is integrated over the
total mass of the atmosphere. Eddy component
C(n) is represented the following

CK(n) —CP(n) = BW(n), n=12,3,..., (10)

as well as C(0).

In Figs. 2(b,c), terms of CP, CK and BW
are shown. In both polar regions, CP is not
correspondent to C'K and positive BW largely
contributes to C' in both zonal and eddy com-
ponents. It is suggested that the conversion
from available potential energy to kinetic en-
ergy in the polar region is largely affected the
inflow of potential energy from the midlatitude.
Figure 4 shows the spectra of C'(n). Both CP
and CK are shown in polar regions. In north
polar region, CK is larger than C'P in almost
all wavenumbers, which represents the positive
BW. However, CP > CK and negative BW
are shown in zonal wavenumbers 1 and 3. It
suggests the dominance of these wavenumbers
(i.e. planetary waves) in the north polar region.
In south polar region, C'K is about twice of C P
in all wavenumbers, which indicates larger con-
tribution from midlatitude.

4. SUMMARY

In this study, energetics analysis in the zonal
wavenumber domain is conducted for the global
mean and polar regions, by use of the JRA-25
dataset which is an up-to-date reanalysis made
in Japan. Climatological characteristics for the
boreal winter (DJF) of 1979-2000 are examined.

In the north polar region, the magnitudes of
Py, Pp, K7 and Kg are about 400, 270, 70 and
160 % of the global mean. The energy compo-
nents in the south polar region are very small in
comparison with the global mean or the north
polar region. The conversion from available po-
tential energy to kinetic energy is largely af-
fected by the cross-boundary flux from the mid-
latitude, as well as the conversion within the po-
lar region. In the north polar region, kinetic en-
ergy in low-frequency eddies is fairly large and
BW is negative in the zonal wavenumbers 1 and
3, which suggests the importance of planetary
waves in the north polar region.
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