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ABSTRACT

Many studies have shown evidence of a major climate change in the late 1970s and early 1980s. The change
comprises a reversal of the sea surface temperature anomaly pattern in the North Pacific Ocean, a lowering of
the atmospheric geopotential height in the North Pacific, altered frequency and intensity of cyclones/anticyclones
and severe storms in the mid- and high latitudes, along with an **abrupt” increase of the Northern Hemisphere
(NH) average surface air temperature. What do these changes mean in terms of the nature of the NH atmospheric
circulation in the warmer climate? Do they indicate changes of the atmospheric energy cycle and conversion/
exchange between various energy forms in the atmosphere? In which latitude regions are such changes in the
energetics most significant? These are some of the questions examined in this study for the period 1948-2000
using the NCEP-NCAR reanalysis data. Major results of this study show significant increases of both the NH
mean and eddy kinetic energy in boreal summer and winter in the recent two decades since 1980. The NH mean
available potential energy has remained unchanged, however, even though the generation of the available potential
energy has increased after 1980. The extra available potential energy generated is found to be converted to the
kinetic energy by a more efficient conversion from the available potential energy to the kinetic energy in the
warmer climate. The increase of the NH kinetic energy is attributed to an increase of the midlatitude kinetic
energy because the kinetic energy in the tropical region has decreased slightly after 1980. Additional analysis
of the NH energetics in wavenumber domain further reveals an increase of the kinetic energy for motions of
planetary to regional scales. Increases of both the mean and eddy kinetic energy in the mid- and high latitudes
is consistent with the reports of rising intensity of synoptic systems, cyclones and anticyclones, and severe

1975

storms in the recent two decades.

1. Introduction

In the late 1980s, Nitta and Yamada (1989) identified
alarge increase of the sea surface temperature (SST) in
the tropical region: the average SST in the latitude band
from 20°S to 20°N was warmer ‘“‘ by about 0.3-0.4°C in
the 1980s than in the 1970s,” and an even larger in-
crease of SST was found in some individual regions of
the tropical Pacific and Indian Ocean. Concurrently, the
SST in the midlatitude North Pacific was decreasing.
Disturbed by these SST anomalies, atmospheric circu-
lations showed noticeable changes. In the Tropics, at-
mospheric convection became more active in the 1980s
than in the 1970s. In the middle | atitudes, ‘*‘ substantially
lowering of the 500 hPa geopotential height and surface
pressure (were observed) in the North Pacific,” and the

* University of Nebraska Agricultural Research Division Contri-
bution Number 14365.

Corresponding author address: Dr. Qi Hu, School of Natural Re-
source Sciences, 237 L. W. Chase Hall, University of Nebraska at
Lincoln, Lincoln, NE 68583-0728.

E-mail: ghu2@unl.edu

© 2004 American Meteorological Society

Pacific—North American anomaly pattern in northern
winter strengthened after the late 1970s.

After these findings, additional analyses described an
alternation of adipolar SST anomaly in the tropical and
central North Pacific Ocean (now known as the Pacific
decadal oscillation). From the 1970s to the 1980s, this
SST pattern reversed from the previous one and showed
positive SST anomalies in the Tropics and negative
anomalies in the central North Pacific. This anomaly
pattern has persisted from the later 1970s through the
1990s (Zhang et al. 1997; Trenberth and Hoar 1997; Hu
and Feng 2001a). Associated with the reversal of the
SST pattern, Zhang et al. (1997) showed that *“ the time
series of El Nino—Southern Oscillation (ENSO) indices
... exhibit a break or regime shift from 1976 to 1977.”
A simultaneous climate ““‘regime shift” also was de-
tected in the Northern Hemisphere (NH) midlatitudes,
showing the diminishing of a once-strong ENSO tele-
connection effect on the summer rainfall variation in
the central United States (Hu and Feng 2001a,b), and a
significant increase of the annual precipitation in the
contiguous United States since the late 1970s (e.g., Karl
et al. 1996).

These observed regime shifts suggest changes in the
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NH atmospheric circulation in the late 1970s and early
1980s. However, these changes have not been examined
except for being implicitly expressed by changes of the
atmospheric mass field and by various climate indices
and parameters. For example, both the analyses of Nitta
and Yamada (1989) and Zhang et al. (1997) described
changes of the SST and geopotential height patterns,
and Nitta and Yamada further contrasted the average
atmospheric geopotential height field between the two
periods, 1967—76 and 1977-86. The recent work of Hu
and Feng (2001a) depicted changes of the relationship
of indices and parameters measuring circulations at re-
gional scales in the North Pacific and North America.
Thus, several questions remain regarding the NH at-
mospheric circulation change in the late 1970s, includ-
ing (a) were there significant changes in the NH at-
mospheric circulation associated with the rise of the NH
average surface temperature (Vautard et al. 1992) and
the regime shift in the North Pacific Ocean in the late
1970s, (b) what were these changes, and (c) how could
they be measured?

A way to measure the hemispheric and global at-
mospheric circulation change is by the atmospheric en-
ergetics. As delineated in Lorenz (1967), the energetics
describe the atmospheric processes that convert the solar
energy into the available potential energy and then the
kinetic energy to maintain the circulation against both
thermal and mechanical dissipations. Thus from ex-
amining the energetics we can identify changes of the
processes maintaining the atmospheric circulation and
hence changes of the circulation. For example, from
changes of the available potential energy and kinetic
energy and their exchange after the late 1970s we can
uncover the roles of the SST change and the rising NH
surface temperature in the atmospheric circulation
change. In addition to illuminating new properties of
atmospheric processes—for example, zonal and eddy
energy exchanges—in the warmer climate, the atmo-
spheric circulation change derived from the energetics
can assist us to understand the recent changes of the
frequency and intensity of the cyclonesand anticyclones
in the NH (e.g., Agee 1991; McCabe et al. 2001).

In this study, we examine the NH atmospheric en-
ergetics in the *traditional framework’ of Lorenz (Lo-
renz 1955; Saltzman 1957). As discussed in Lorenz
(1955) and illustrated in Plumb (1983), there are dif-
ferent ways to view the atmospheric energy cycle, par-
ticularly exchange/conversion between different forms
of the energy. In the traditional framework, the Rey-
nold’s assumption is used to decompose the motion into
mean flow and deviation from it, referred to as eddies.
Consequently, the energy cycle consists of generation,
exchange, and dissipation of potential and kinetic en-
ergies for both the mean flow and eddies. Plumb (1983)
showed that this framework isinconvenient to show the
energy cycle associated with some special wave mo-
tions. He suggested an alternative way to understand
the energy cycle based on the Eliassen—Palm (EP) dy-
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namics (Edmon et al. 1980) and the residual circulation
concept. Although Plumb’s scheme highlighted some
featuresin energy processes associated with those wave
motions, his scheme’s application may be best for small-
amplitude wave motions because the EP dynamics are
relevant for such variations superimposed on pure zonal
flows (Andrews 1987). For amore general problem such
as the one dealt with in this study, the traditional frame-
work is more relevant and it avoids limitations asso-
ciated with assumptions in the EP dynamics.

In this traditional framework, we will calculate the
NH atmospheric energetics using the National Centers
for Environmental Prediction—National Center for At-
mospheric Research (NCEP-NCAR) reanalysis data
from 1948 to 2000 and address the previous questions
by comparing and contrasting the energetics before and
after the late 1970s, when a substantial increase of the
surface air temperature and shifts of climate regimes
occurred. Details of the data, particularly their quality
and potential biases affecting changes in the energetics,
and calculations of the energetics are described in the
next section. In section 3, we present the major results
of NH annual average and seasonal energy cycles and
their changes in the late 1970s. Because the conversion
mechanisms from the atmospheric available potential
energy to kinetic energy is considerably different be-
tween the Tropics and the extratropics, we also examine
energetics in three different latitudinal bands, the Trop-
ics, the midlatitudes, and the high latitudes, and their
contributions to changes of the hemispheric energetics.
The energetics are further examined in wavenumber do-
main for different waves in the atmosphere representing
planetary, synoptic, and storm-scale circulations. A
summary of this study is presented in section 4 along
with a discussion on manifestation of changes of the
atmospheric energetics in intensity and frequency of
storm and extreme weather in the mid- and high lati-
tudes.

2. Data and methods

Monthly data of the variables—zonal, meridional, and
vertical wind speed, air temperature, and geopotential
height—from 1948 to 2000 are obtained from the
NCEP-NCAR reanalysis dataset (Kalhay et al. 1996)
and are used in this study. These are *‘type A variables”
with the highest data quality rating in the reanaysis
dataset (Kalnhay et al. 1996). The horizontal resolution
of the data is 2.5° latitude X 2.5° longitude. In the
vertical direction, these data are at the standard pressure
levels: 1000, 850, 700, 600, 500, 400, 300, 250, 200,
150, 100, and 50 hPa.

There are several caveatsin thereanalysisdata. Three
of which are discussed here because of their potential
effects on this study’s results. First, because of fewer
land-based observations in the Southern Hemisphere
(SH), the reanalysis data for the SH showed larger root-
mean-square errors from the true observations than the
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data for the NH (Kistler et a. 2001). For this reason,
we have limited our study to the NH. Second, weather
observation systems, including surface and radiosonde
sensors and observation schedule/frequency and meth-
ods, were upgraded and changed over the last 5 decades
(especially in the early 1970s), and each of those chang-
es had influenced the observation data, resulting in cer-
tain biases in the data to various degrees of magnitude.
Most of the influences were evaluated and minimized
to the best possible extent through quality control and
assimilation schemes designed and used to develop the
reanalysis dataset (Kalnay et al. 1996). As shown in
Kistler et al. (2001), for the NH, because the zonal mean
number of observations per 2.5° latitude— ongitude box
per month was adequate in the 1950s, the data quality
of thetype A variablesin the reanalysis dataset has been
“fairly uniform” from 1950s to the present, albeit the
mean number of observations has increased since the
1950s (see Figs. 1 and 4 in Kistler et al. 2001). As
further elaborated in Kistler et a., this consistent quality
in the NH reanalysis data has resulted from two features
of the reanaysis system: 1) “with a modern four-di-
mensional data assimilation system [in the reanalysis]
even the early upper-air observing system can produce
fairly skillful initial conditions in the NH,” and 2) the
reanalysis system is skillful to produce week-long NH
forecasts (see Figs. 5 and 6 in Kistler et a.), which were
further used to develop, and hence warranted the quality
of, the reanalysis data.

The consistent accuracy of individual type A vari-
ables in the reanalysis dataset also has been examined
and discussed in several case studies. For example, Gra-
ham and Diaz (2001) show that the pressure data in the
reanalysis dataset describe accurate spatial and temporal
variations in sea level pressure over the North Pacific
Ocean. One other study is on the NH storm track var-
iation by Harnik and Chang (2003), examining the var-
iance of the 300-hPa meridional wind (v’). Harnik and
Chang contrasted v’ from the reanalysis data and from
available radiosonde data in several NH storm track
entrance and exit regions from 1949 to 1999 (see Fig.
1b in Harnik and Chang 2003). Their results show a
similar intensification of the storm tracks in both the
North Atlantic and the North Pacific regions in recent
decades from the two datasets although the intensifi-
cation in the radiosonde data was weaker for the North
Atlantic storm track and was not as significant as that
from the reanalysis data in the North Pacific region.
These differences have highlighted a spatial variation
of the accuracy of v in the reanalysis data; the v’ may
be overestimated in the reanalysis datafor some of those
storm entrance and exit regions. Although this potential
inaccuracy should always be kept in mind in evaluating
calculations of the energetics in this study, the fact that
the difference in v’ is large only in the early 1970s
(1970-73, instead of being in the late 1970s and early
1980s when noticeable changes developed in atmo-
spheric circulations) and the equally valid notion that
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“it is possible that an intensification of the (North) Pa-
cific storm track did occur, but the sonde data is too
sparse to say anything about it” (Harnik and Chang
2003) seem to support an adequate quality of the re-
analysis meridional wind data.

The third concern arises from the use of satellite data
since 1979. The use of the satellite observationsin four-
dimensional data assimilation increased the number of
data sources for devel oping the reanalysis dataset. How-
ever, thisimprovement also brought with it a possibility
that the data after 1979 could have contained artificial
differences from the data before 1979. These differences
and the seriousness of their effect on the data consis-
tency were examined in Kistler et al. (2001). In fact,
after showing the two features described in the second
paragraph of this section, Kritler et al. examined those
same features with and without use of the satellite data
in the decades after 1979. Their resultsindicated similar
skills of the reanalysis system in producing both initial
conditions and forecasts from use or not use of the sat-
ellite data, thus demonstrating no persistent biases were
produced in the data after 1979 from using the satellite
data.

Using the reanalysis data, we cal cul ate the annual and
seasonal atmospheric energetics and energy cyclein the
traditional framework derived using the primitive equa-
tions of motion on a sphere. Because many early studies
have detailed the derivations of the energetics in such
a setting (Lorenz 1955, 1967; Saltzman 1957; Oort
1964; Krueger et al. 1965; Kung and Soong 1969; Oort
and Peix6to 1974), weonly listin appendix A the energy
terms and energy conversions in that framework for
reference purposes. In our calculations, the atmospheric
available potential energy, P, includes two parts: the
mean available potential energy, P,,, and the eddy avail-
able potential energy, Pz, which is the sum of standing
and transient eddy available potential energy; thekinetic
energy, K, also consists of the mean kinetic energy, K,,,
and the eddy kinetic energy, K¢, which has contributions
from both the standing and transient eddies (Lorenz
1955). The total atmospheric energy is calculated by
integration over the NH and in the vertical direction.
The vertical integration is from 1000 to 50 hPa. At 50
hPa, the energy exchange with the higher stratosphere
is neglected because such exchange istrivial to the tro-
pospheric energy cycle (Kung and Tanaka 1983). In the
meridional direction, the cross-equatorial energy fluxes
are computed using the method described in Oort and
Peixoto (1974).

To examine atmospheric energetics for motions of
different scales from planetary, synoptic, to storm cir-
culations, we also calculate the energetics in the wave-
number domain. An outline of the energetics in wave-
number formsisgiven in appendix B following the work
of Saltzman (1957). In addition, we examine the en-
ergeticsin three latitude bands, 0°-30°N (Tropics), 30°—
60°N (midlatitude), and 60°—90°N (high latitude), by
applying the same methods used in the hemispheric cal-
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culations. This analysis is necessary because changes
in, for example, kinetic energy in NH could result pri-
marily from variations in either the tropical or the ex-
tratropical regions, or both. The generation and con-
version mechanisms from available potential energy to
Kinetic energy are, however, considerably different be-
tween the Tropics and the extratropics. In the Tropics,
the mechanism is the direct circulation (Hadley cell)
driven by convection and diabatic heating, whereas in
the extratropics it is the baroclinic instability. Thus,
knowing the latitudinal regions contributing to the en-
ergy cycle changesis essential for understanding mech-
anisms that may have caused the energetics change in
recent decades. The separation of theselatitudinal bands
isbased on variationsin the zonally averaged meridional
momentum flux from the equator to the North Pole (Fig.
1.10 in Palmen and Newton 1969) and associate features
to different zonal-mean atmosphere circulation regimes
in the NH (Holton 1979). In calculations of the ener-
getics in the three latitude bands, we only consider en-
ergy generation and conversion within a band and ne-
glect energy exchange across the latitude boundaries of
the band.

3. Results and discussions

Using the monthly data from the reanalysis dataset
we calculated the NH energetics and energy cycle in
the troposphere and lower stratosphere. Before discuss-
ing the energy cycle, we show in Fig. 1 the variations
of the NH summer (June, July, and August) mean kinetic
energy (K,,), eddy kinetic energy (Kg), and total kinetic
energy (K = K,, + Kg). A major featurein thevariations
is that the K,, (Fig. 1a) shows two different *‘regimes”
before and after the late 1970s. Before the late 1970s,
Ky was small and primarily below the average value of
mean Kkinetic energy for the period 1948-2000. After
1980, K,, gradually rose and remained above the av-
erage. A Student’s t test showed that this change is
significant at the 99% confidence level. Variations of
the summer K in Fig. 1b also indicate a large change
after the early 1980s. Before 1980, except for a period
of high K¢ centered in the mid-1970s, K. was mostly
below the average eddy kinetic energy for the period
1948-2000. Since 1980, K. has increased substantially
and has remained above the average. This changein K¢
around 1980 also has been tested significant above the
95% confidence level. Combining the K,, and K., we
show in Fig. 1c the variations of K. The total kinetic
energy shows a similar change in the late 1970s.

Similar changes in K,,, K¢, and K in the late 1970s
and early 1980s also have been found in the NH winter
(December, January, and February; Fig. 5d). These re-
sults show significant rise of the NH kinetic energy in
the late 1970s and indicate changes of the processes
governing the NH atmospheric circulations when the
warming of the average NH surface temperature and
climate regime shift occurred. To quantify the changes
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FiG. 1. Variations of the NH summer atmospheric (a) mean kinetic
energy, (b) eddy kinetic energy, and (c) total kinetic energy. The
dotted line shows the avg of 1948-2000.

of the atmospheric energy cycle in recent decades, we
calculated the atmospheric available potential energy
and kinetic energy and compared and contrasted various
conversions between different energy pools before and
after the late 1970s. These results are presented in the
following sections.

a. Changes of the NH summer season atmospheric
energetics

The NH summer season atmospheric energy cycleis
shown in Fig. 2 for the two epochs, 1948—78 and 1979—
2000. Comparisons of the two energy cycles show that
the K, has increased by 86%, and K increased by 70%
from the former to the latter epoch. Quite different from
the changes in the kinetic energy, however, a much
smaller increase of merely 14% is shown in the eddy
available potential energy, P, while the mean available
potential energy, P,,, remains unchanged in the two epochs
even though the potential energy generation, G, has in-
creased in the recent epoch. (Note that to avoid using
poor quality types B and C variables of the reanalysis
data in our calculations, the mean and eddy potential
energy generation terms and dissipations of the mean
and eddy kinetic energy were calculated as residues to
balance the major mean and eddy energy terms, which
were calculated using only type A variables.) The large
increase of the kinetic energy and nearly unchanged
available potential energy may be explained by an in-
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Fic. 2. Northern Hemisphere summer season energy cycle for the
two epochs. The energy values and conversion rates for the epoch
1948-78 are shown with an asterisk. Conversion rates are written by
the arrow lines. Other notations, G and G’ are generations of mean
and eddy available potential energy, respectively, € and ¢’ are dis-
sipations of mean and eddy kinetic energy, respectively, and B is the
crossing equatorial exchange of energy. Units are W m~2 for energy
conversion rate and 105 J m—2 for energy.

crease of the conversion rates from Py, to K,,, and from
P to P, and then from P to K. in the recent epoch.
With the increased conversion rates, the increase of P,,
generation could be quickly converted to the kinetic
energy and result in the significant increases of both K,,
and K. Compared to the net increase of the total energy
generation (0.05 X 10% J m—2), the nearly unchanged
P\, and the large increase of the kinetic energy highlight
arising efficiency of the atmospheric thermal enginein
the recent warmer climate.

The increased conversion rate from the available po-
tential energy to the kinetic energy may be partially
interpreted from changes in the NH summer season at-
mospheric temperature profile from 1948 to 2000. These
changes are shown in Fig. 3 using temperature at three
pressure levels, 50, 300, and 850 hPa. Figure 3 depicts
a continuous increase of the temperature in the lower
troposphere (Fig. 3c) along with an increase of the sur-
face air temperature after the late 1970s. Temperatures
in the upper troposphere (Fig. 3b) have remained nearly
unchanged, however, while the temperature in the lower
stratosphere has decreased considerably (Fig. 3a). These
changes of the temperature profile in the recent epoch
and the tendency to enrich the moisture content in the
troposphere because of warming contributeto adecrease
of the average atmospheric static stability. Indeed,
weakening static stabilitiesin the recent warmer decades

removed.

after 1980 have been observed in severa studies on
regiona climate variations (e.g., Trenberth 1999; Hu
and Feng 2001a).

An atmosphere of weaker static stability with awarm-
er and moister surface layer encourages both dry and
moist convection in the troposphere. Consequently, con-
vection-induced subsidence motion, a vertical motion
required by mass continuity to compensate the rising
motion in convection, attempts to maintain a nearly
steady temperature profile in the troposphere, around
the dry or moist adiabatic lapse rate, as required by the
thermodynamic property of the atmosphere.r By en-
hancing the overturning process in the atmosphere,
moist convection converts available potential energy to
the kinetic energy by moving the lighter warm and moist
air up and denser cold and dry air down to lower the
center of the tropospheric air mass. Some of the effects
of static stability are shown by the role of the atmo-
spheric stability in the formula for calculation of both
the available potential energy and its conversion to the
kinetic energy (appendix A), while the increase of con-
vection in an atmosphere with such a thermal profile
seems to be supported by observations of an increase
in convective cloudiness in the NH midlatitudes in re-
cent decades (e.g., Sun et al. 2001). These processes

1 Combining the First and Second Law of Thermodynamics, we
can arrive at de = Tds — pdV — 8Q’, where e isinternal energy, T
the temperature of a heat source, s entropy, V volume, and 6Q’ the
heating. After some manipulations and integration over the tropo-
spheric column, Z, we can get from the previous equation that (c,y
+ g)Z = T,S — Q, where v is the lapse rate, T, the surface temper-
ature, Sthetotal entropy, and Q theirreversible heating of convection.
Because the convective heating tends to balance the entropy change
due to increase of T, the atmospheric lapse rate y remains nearly a
constant.
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Fic. 4. Northern Hemisphere winter energy cycle for the two
epochs. Notations are the same as in Fig. 2.

associated with the thermodynamic properties of the at-
mosphere maintain a nearly steady available potential
energy by consuming its increased amount into the ki-
netic energy and atmospheric motion. As a result, the
NH atmospheric available potential energy has changed
alittle corresponding to the increase of the surface tem-
perature, and the effect of warming in recent decades
has manifested primarily in the increase of the atmo-
spheric kinetic energy.

b. Changes of the NH winter season atmospheric
energetics

Similar to the changes in the summer season ener-
getics, the NH winter season energetics also shows an
increase of the kinetic energy and nearly unchanged
available potential energy in the recent epoch (Fig. 4).
Notice that all the energy forms, particularly the mean
available potential energy, have a much larger amount
in winter than in summer. Among the increase of the
winter Kinetic energy in the recent epoch, K,, has been
up by 44%, which is statistically significant at the 95%
confidence level, and K¢ has been up by 20%, margin-
aly significant at the 90% confidence level. Although
both P,, and P, show little change in the recent epoch,
they do not, however, indicate similar winter season
energetic processes in the two epochs. Thisis suggested
by the larger increase in the generation of total available
potential energy (0.39 X 10°Jm~2), primarily from G’,
a result showing more potential energy was generated
and converted to the kinetic energy in winters of the
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Fic. 5. (a)—(c) Variations of the NH winter avg temperatures at
three pressure levels. (d) Variation of the NH winter total kinetic
energy with the dotted line showing its avg for the period 1948—
2000.

recent epoch. After examining the conversion and dis-
sipation rates, we found a large increase of the con-
version primarily from P. to K¢ and an increased dis-
sipation of K.

The large conversion from the available potential en-
ergy to the kinetic energy in the NH winter also prompt-
ed us to examine the NH winter season temperature
variationsin away similar to what we did for the north-
ern summer. The temperature variations in the three
pressure levels, 50, 300, and 850 hPa, are shown in
Figs. 5a—. First, the variations show similarly strong
contrasts between the two epochs. For example, thetem-
perature at 850 hPa was relatively steady in the early
epoch and has become persistently warmer than the pe-
riod average in the recent epoch (Fig. 5¢). A significant
decrease was observed in 50-hPa temperature (Fig. 5a).
These changes of the atmospheric temperatures are sim-
ilar to that in the NH summer and suggest changes in
atmospheric processes that have effectively converted
the increased available potential energy to the kinetic
energy. Increase of the NH winter season mean kinetic
energy in the recent epoch is clearly shown in Fig. 5d.

c. Changes of the NH atmospheric energetics in
spring and autumn

In the transition seasons of spring (March, April, and
May) and autumn (September, October, and November),
the change of both the available potential energy and
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Fic. 6. Northern Hemisphere (top) spring and (bottom) autumn
energy cycle for the two epochs. Notations are the same as in
Fig. 2.

the kinetic energy between the two epochs are small
and insignificant (Fig. 6). In fact, the spring season en-
ergy cycleisweaker in the recent epoch. The generation
of the potential energy and conversion from the avail-
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able potential energy to the kinetic energy are both
smaller in the recent epoch than in the previous one. In
autumn, the K,, has decreased in the recent epoch al-
though a dlight increase of other forms of energy is
observed. The nearly unchanged energetics in the tran-
sition seasons indicate that the atmospheric circulation
change in the recent epoch has occurred primarily in
the NH summer and winter.

d. Changes of the atmospheric energetics in different
latitudes

The previous sections described variations of the en-
ergetics averaged over the NH. Changes in these hemi-
spheric averages can be attributed to changesin different
latitudes and from very different mechanisms. For ex-
ample, in the tropical region, change in conversion from
the available potential energy to the kinetic energy
would result from anomalies in convective overturning
and associated direct circulation, whereas in the mid-
latitudes the conversion would result from anomaliesin
overturning associated with release of baroclinic insta-
bility and vertical motions in cyclonic waves. Because
of these different mechanisms, it is important to sepa-
rately examine variations of the energetics at different
latitudes and their contributions to change of the NH
energy cycle. We have examined the energeticsin three
different latitudinal bands, Tropics (0°-30°N), midlati-
tudes (30°—60°N), and high latitudes (60°—90°N), and
their relationship with the average NH energetics. The
results are shown in Fig. 7.

In the tropical region, both the available potential
energy and the kinetic energy show small changes after
the late 1970s, most of them showing a decrease. In
contrast to the substantial changes of the kinetic energy
in the midlatitudes, these small changes in the tropical
region indicate that the significant increase of the NH
kinetic energy in recent decades has resulted primarily
from increases of the atmospheric energy in the mid-
and high latitudes.

From examining the energetics for the mid- and high
latitudes in Fig. 7, we also find that changes of both the
available potential energy and the kinetic energy have
smaller magnitudes in the high-latitude region than in
the midlatitude region. In the midlatitudes, the most
significant change isin the kinetic energy; both the mean
and eddy kinetic energies show large increases in the
recent epoch. The increases of both K,, and K. are
shown in the NH winter and summer seasons. These
increases suggest enhanced winter and summer season
weather disturbancesin the midlatitudes with the warm-
ing in the late 1970s.

It is intriguing that the substantial increase of mid-
latitude K,, and K in the recent epoch occurred si-
multaneously with a nearly unchanged available poten-
tial energy and a slight decrease of the total kinetic
energy in the tropical region. A plausible explanation
of this little change in energetics of the tropical region
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Fi. 7. Comparisons of the NH mean (PM) and eddy (PE) available potential energy and mean (KM) and eddy (KE) kinetic energy in
different latitude bands (L: Tropics; M: midlatitude; H: high latitude) and for different seasons between the two epochs.

could be a negative evaporation feedback to increasing
SST and longwave radiation similar to that elaborated
in Hartmann (1994). This feedback limits the increase
of the SST and its potential effect on changes of the
atmospheric energetics in the tropical region. Because
a similar feedback is lacking in the midlatitudes, the
increase in midlatitude surface temperature could have
increased the meridional temperature gradient to the po-
lar region so that the baroclinicity and the rate of con-
version from the available potential energy to thekinetic
energy increased in the midlatitudes. Supporting evi-
dence of the increase in midlatitude baroclinicity in re-
cent decades has been presented in Paciorek et al.
(2002). The observed increased frequency of the syn-
optic disturbances in the midlatitudes also could have
been assisted by more cyclones moving from lower |at-
itudes to the midlatitudes. These cyclones further de-
velop in the midlatitudes oceanic regions with warmer
SST (Walsh and Katzfey 2000). By carrying the kinetic
energy to the higher latitudes, these cyclones could have
contributed to the observed decrease in eddy kinetic
energy in the tropical region (Fig. 7), creating an ap-
parent shift of some atmospheric kinetic energy from

the tropical to the midlatitudes region in the warmer
climate.

e. Changes of the NH atmospheric energetics in
wavenumber domain

So far, we have shown the changes of the available
potential energy and the kinetic energy in the NH and
in different latitude regions. These are integrated results
of variations over various wave components constituting
weather and climate of wide spatial and temporal scales,
from planetary circulation to regional storms. It is nec-
essary to understand how these variations have com-
prised changes in energetics of different wave compo-
nents representing these different weather regimes. En-
ergy changes of the individual wave components can
assist usto find how the circul ation systems of planetary
to storm scales have changed following the change of
the energetics.

The methods applied in calculations of P,,, P, K,,,
and K for different wave components are discussed in
appendix B after the work of Saltzman (1957). Results
of the calculations show that the available potential en-
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Fic. 8. Comparisons of the NH eddy kinetic energy of different
wave components between the two epochs.

ergy changed little in individual waves before and after
the late 1970s, but statistically significant changes oc-
curred in both summer and winter season K. and K,,
for most waves of low wavenumbers (large spatial
scales). Because of their similar changes in winter and
summer season kinetic energy, we only show summer
season K. change for wavenumbers 1-20 in Fig. 8. Be-
fore discussing the changesin K, we notice that among
these wave components wavenumbers 2 and 1, repre-
senting the planetary circulation, have the largest K.
Waves of wavenumbers 3-5, representing synoptic-
scale disturbances, also have substantial K in the sum-
mer season. Much smaller amount of K resides in
waves of higher wavenumbers. Thisgeneral distribution
of kinetic energy in the wavenumber domain is consis-
tent with the result of Kung and Tanaka (1983). With
respect to changes of K. after the late 1970s, a com-
parison of the results in Fig. 8 indicates an increase of
Ke in the recent epoch. Although this increase is ap-
parently large for waves of wavenumbers 1-7, the
changes relative to the K. of each wavenumber, or the
percentage increase in K¢ of individual waves, is com-
parable among the waves of wavenumbers 8-20. This
result suggests arecent increase of synoptic disturbances
and regional severe storms, consistent with the obser-
vations in Paciorek et al. (2002), who showed rising
Eady Growth Rate and temperature variance in the re-
gion 20°-70°N, and in Agee (1991) who showed in-
creasing frequency and intensity of cyclones/anticy-
clonesin most of the NH in recent decades. A Student’s
t test has confirmed that the increase of the summer K.
in the waves of wavenumbers 1-20 are significant at
the 95% confidence level.

Similar distribution and increase al so have been found
in winter K¢ and in the mean kinetic energy across the
same wavenumber waves. Although K, is 2 to 3 times
larger in the NH winter than summer, the percentage of
increase of K,, in recent decades is comparabl e between
the two seasons, and the change is statistically signifi-
cant.
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4. Summary and concluding remarks

In this study, we used the NCEP-NCAR reanalysis
data and examined the NH atmospheric energetics in
the traditional framework of Lorenz. The purpose is to
use the energetics as a measure to evaluate changes of
the NH atmospheric circulation associated with the ris-
ing surface temperature and climate ‘‘regime shift” in
the late 1970s and the early 1980s. It is important to
bear in mind that some caveats in the reanalysis dataset,
resulting from changes of observational networks over
the history and integrations of modern data systemsin
recent decades, could have influenced the outcome of
our calculations. Nonetheless, our evaluations of the
existing work that have scrutinized the dataset and its
variables from different aspects have assured us ade-
quate quality and accuracy of the data for our purpose.
Based on our evaluations, the identified signs in the
changes of the atmospheric energy cycle should hold in
the results albeit minor differences in the magnitude of
the changes may be possible.

Among the major results of this study, the compar-
isons of the atmospheric energetics between the two
epochs of 1948—-78 and 1979-2000 have uncovered sig-
nificant increases of the NH summer and winter season
kinetic energy, both K,, and K, in the recent epoch.
The increase has resulted from increased conversion
rates from the mean to the eddy available potential en-
ergy and then from the eddy available potential energy
to the eddy and mean kinetic energy. Direct conversion
from the mean available potential energy to the mean
kinetic energy also has increased. Owing to the in-
creased conversion rates, the atmospheric available po-
tential energy has remained nearly steady in the two
epochs, even though generation of the available poten-
tial energy hasincreased in the recent decades of warmer
climate. Associated with the increased conversion rates
is the enhanced vertical overturning of the air mass and
meridional circulation that lower the center of the air
mass and, in doing so, convert the increased available
potential energy to the increase of both the mean and
eddy kinetic energy of the zonal flow. Although the
changes of the kinetic energy in the transition seasons
(spring and autumn) are small between the epochs, the
significant kinetic energy increase in the NH summer
and winter describes considerable changes of the NH
genera circulation occurred concurrently with the in-
crease of the NH average surface temperature.

In addition, changes of the atmospheric kinetic energy
in different latitude bands indicate that the increase of
the NH kinetic energy has resulted primarily from the
increase in the midlatitudes, because the kinetic energy
in the tropical region has decreased slightly in the recent
epoch. These opposite changes of the kinetic energy
between the Tropics and midlatitudes is speculated to
result from the presence of a negative evaporation feed-
back to increasing SST and longwave radiation in the
tropical region and a lack of it in the mid- and high
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latitudes (Hartmann 1994). The changes of the midlat-
itude SST pattern also could have encouraged cyclones
to travel over warm SST regions from low to midlati-
tudes and to further develop in the midlatitudes (Walsh
and Katafey 2000). By carrying portions of kinetic en-
ergy from low to midlatitudes, these long-lived cyclones
could have not only contributed to the increase of the
Kinetic energy in the midlatitudes but also created an
apparent shift of the kinetic energy from low to mid-
latitudes in the warmer climate. In the mid- and high
latitudes, the increase of the conversion from the avail-
able potential energy to the kinetic energy in NH sum-
mer is consistent with the observed intensification of
meridional temperature gradient and baroclinicity in
mid- and high latitudes in recent decades (Paciorek et
al. 2002).

Results of this study further show that the increase
of the kinetic energy in NH summer and winter occurred
in a wide range of wave components and scales of dis-
turbances, from planetary (wavenumbers 1-2) to syn-
optic (wavenumbers 3-5) and to regional (wavenumbers
5 and higher). The increase is found comparable across
these wave components, indicating similar percentage
of energy increase in most atmospheric circulation sys-
tems. Because the tropical region has shown only small
changes or a decrease in kinetic energy, the kinetic en-
ergy increase in those circulation systems have resulted
from changes in mid- and high-latitude regions.

The changes of the atmospheric energeticsin the mid-
and high latitudes in the recent decades of warming
climate may help explain some observed circulation
changes. For example, several studies cited earlier re-
ported changes of the frequency and intensity of the NH
surface and midtroposphere cyclones and anticyclones.
Agee (1991) examined three datasets covering different
time periods from 1900 to 1985 and found increased
(decreased) frequency of the NH cyclone and anticy-
clone in warmer (cooler) period, whereas Serreze et al.
(1997) and McCabe et a. (2001) examined NH winter
cyclone cases in 1966-93 and showed that the number
of winter cyclones have decreased in midlatitudes and
increased in high latitudes in the recent warmer climate
after the late 1970s. Agee’s results seem consistent with
the average increase of both the mid- and high-latitude
available potential energy and kinetic energy in recent
decades. The especially large changes of the summer
season energies (Fig. 7) and the increase of baroclinicity
and the Eady Growth Rate in the NH (also see Paciorek
et a. 2002) in recent warmer climate would indicate
more disturbances in the NH mid- and high latitudes.
When winter season is considered alone, the change of
the energetics shows decreased (increased) mean avail-
able potential energy in the mid- (high) latitudes, sug-
gesting stronger zonal flows with fewer cyclones.

Theincrease of the mean kinetic energy in both winter
and summer seasons indicates enhancing zonal flow and
a tendency for the zonal flow to work as a ‘‘dam’ and
impede the north—south exchange of eddy air masses.
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This effect from increased mean kinetic energy seems
counteracting to that of the increased eddy kinetic en-
ergy which represents increasing north—south exchange
by eddies. A plausible explanation of this dilemma is
that the eddy exchange would have behaved in a pul-
sating fashion with intensity high enough to meet the
observed increase of the eddy kinetic energy when av-
eraged over the decades. This new fashion of eddy en-
ergy exchange would correspond to more extreme and
high-intensity weather events in the mid- and high lat-
itudes, a possible explanation of the increase of intense
cyclones and anticyclones in recent decades (e.g.,
McCabe et al. 2001; Pariorek et al. 2002). This inter-
action of mean and eddy kinetic energy and conse-
guences to the extreme weather needs to be further ex-
amined in order to understand extreme weather behavior
in a warmer climate.
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APPENDIX A

Definitions of Atmospheric Energy and Energy
Conversion Terms

The atmospheric available potential energy includes
mean available potential energy, P,,, and eddy available
potential energy, Pc. The latter is the sum of standing
and transient eddy available potential energy. The ki-
netic energy consists of the mean kinetic energy, K,,,
and the eddy kinetic energy, K. Similarly, K¢ has two
contributions from standing eddies and transient eddies
(Lorenz 1955). These energy terms are expressed in
forms of

m=ﬁjmm”m,

. (A

&=Hﬁpwz%fﬂW%+UWNm (A2)

KM=§JHMF+Kmadm )

Ke = Kie + Ke = %f [(u2) + (v'2)] dm

+%wa”+hNﬂdm (A9)

where [ [ f] dm = |, {, [, fp dx dy dz, and pdx dy dz
is the mass element of the atmosphere, and y =



15 MAy 2004

—{(6/IM)[(R/c,)P]} isthe stahility factor defined in Oort
(1964).
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The energy conversions between different forms of
energy are

CPy. K) = f ()l a[@] (A5)
Cur PO = 5, [ T + <u>*<T>*]a§;;] an =g, [ oot + @0 g g
p
cipe k) = ol (o am [ gl 7 g (a7
ke k) = | o) + @ cow{%ﬁ"s@}d 1w + wrail
f (W) + Wy (u >*]a[<“>] dm + f (W) + W >*]a[<“>]
f i) + w8 g (A8)

where C(A, B) represents conversion rate from energy
A to B, and (A5) is an alternative expression for con-
version of mean potential energy to mean kinetic energy.
In the preceding, u and v are zonal and meridional wind
speed, respectively, w is the vertical wind speed, T is
the air temperature, a is the average radius of the earth,
c, is the specific heat of air at constant pressure, A lon-
gitude, ¢ latitude, p pressure, g gravitational accelera-
tion, z geopotential height, x = R/c,, and R is the gas
constant for dry air. The time and zonal averages of a
variable x are expressed by, (x), and [x], respectively,
and the departure of x from its zonal average is denoted
by x*, its departure from meridional average is x’, and
departure from its time average is x'.

APPENDIX B

Atmospheric Energetics in Wavenumber Domain

Because the kinetic energy is proportional to the prod-
uct (square) of velocity and the potential energy is pro-
portional to product (square) of temperature, we first
discuss the Fourier integral of the product of two func-
tions. Using Fourier integral in the zonal direction for
functions f(¢, A) and g(¢, A), the Fourier transform of
the product of f and g is (Saltzman 1957)

= [T rrevgmre = an
w 0

1 27
= ZTL f()\)

i G(m)em

m=—o

e*in/\ dA,

where m and n are the zonal wavenumbers for functions
f and g, respectively, G(m) is the transfer coefficient
of g(A), and ¢ is removed at a constant latitude. The
preceding can be further written as

- J [fg(le ™ dA

2 G(m)— f - f(A)ei-m d)

m=—o

S GmF(n - m),

m=—ow%

where F(n) is the transfer coefficient of f. Setting g =
f, the preceding becomes

1 2w
ZTL

and further setting n = 0, we get

1 2w
o).

where |F(m) |2 is the mode of coefficient F.
Applying (B1), we get mean and eddy kinetic energy
in the wavenumber domain

f2(AN)em™ dr = i F(MFn — m),

m=—cx

oyd= > FmE

m=—cx

(B1)

Ku(n) = % f [([U@HD? + ([V(N)])?] dm,  and (B2)
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ke = 3 f (U@Y? + (V)Y dm

+ | KU@M)*2 + (V(n))*?] dm

= Kee(n) + Kge(n),

respectively, where the integrations are over mass and
nisthe wavenumber and n = 1, 2, .. . . Applying the
same procedure, we can get the potential energy in
wavenumber domain

(B3)

Pe = 2 R(n),

where R(n) = (c,/g) |B(n) |2, and B(n) is the transfer
coefficient of temperature at wavenumber n, B(n) =
127 [Z" T(n, ¢, p, t)e™ dA. The conversion terms of
energy in (A5)—(A8) in wavenumber domain are ob-
tained by applying the preceding procedure to each of
the terms.

(B4)
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