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ABSTRACT

Using NCEP-NCAR 51-yr reanalysis data, the interannual and decadal variations of planetary wave activity
and its relationship to stratospheric cooling, and the Northern Hemisphere Annular mode (NAM), are studied.
It is found that winter stratospheric polar temperature is highly correlated on a year-to-year basis with the
Eliassen—Palm (E—P) wave flux from the troposphere, implying a dynamical control of the former by the latter,
as often suggested. Greater (lower) wave activity from the troposphere implies larger (smaller) poleward heat
flux into the polar region, which leads to warmer (colder) polar temperature. A similar highly correlated antiphase
relationship holds for E-P flux divergence and the strength of the polar vortex in the stratosphere. It is tempting
to extrapolate these relationships found for interannual timescal esto explain the recent stratospheric polar cooling
trend in the past few decades as caused by decreased wave activity in the polar region. This speculation is not
supported by the data. On timescales of decades the cooling trend is not correlated with the trend in planetary
wave activity. In fact, it is found that planetary wave amplitude, E—P flux, and E-P flux convergence all show
little statistical evidence of decrease in the past 51 yr, while the stratosphere is experiencing a cooling trend
and the NAM index has a positive trend during the past 30 yr. This suggests that the trends in the winter polar
temperature and the NAM index can reasonably be attributed to the radiative cooling of the stratosphere, due
possibly to increasing greenhouse gases and ozone depletion. It is further shown that the positive trend of the
NAM index in the past few decades is not through the inhibition of upward planetary wave propagation from

the troposphere to the stratosphere, as previously suggested.

1. Introduction

There has been some evidence indicating that the
stratosphere has been steadily cooling during the past
few decades (Randel and Wu 1999). Observations show
that the Arctic polar vortex has become colder and stron-
ger (Labitzke and Naujokat 2000), that it persistslonger
(Newman et al. 1997; Waugh et al. 1999), and that there
have been fewer major sudden warmings. [There were
only two major warmings from 1990 to 2000 (1990/91
and 1998/99; Labitzke and Naujokat 2000).] The
strengthening of the polar vortex is consistent with the
trend of the Northern Annular Mode (NAM) toward the
high-index phase since 1968 (Thompson and Wallace
1998).

It iswell established that the zonal-mean temperature
in the winter polar region of the stratosphere is deter-
mined by the balance of two factors: radiative cooling
and dynamical heating (Andrews et al. 1987). The latter
is caused by downwelling in the stratospheric polar re-
gion of a global-scale wave-driven meridional circula-
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tion, and thus the magnitude of this heating depends on
planetary wave activity generated in the troposphere.
This dynamica heating is responsible for forcing the
winter polar temperatures to be above radiative equi-
librium during the polar night. Fusco and Salby (1999)
and Salby et al. (2000) found that on interannual time-
scal es stratospheric ozone and temperature in the Arctic
polar region in winter is regulated by the upward Elias-
sen—Palm (E-P) flux across the tropopause, and that the
two have a strong correlation. A natural question is: Is
the long-term stratospheric cooling similarly caused by
a long-term decrease of planetary wave activity in the
stratosphere?

Based on their climate model simulations of the dou-
bling CO, scenario, Rind et al. (1998) and Shindell et
al. (1998, 1999), speculated that the planetary wave
activity from the troposphere to the stratosphere might
have declined due to the increasing greenhouse gases
in the atmosphere. They proposed a plausible feedback
mechanism responsible for adecrease of planetary wave
activity in the stratosphere: Both increasing greenhouse
gases in the atmosphere and ozone depletion in the
stratosphere would enhance the meridional temperature
gradient, with warming in the troposphere and cooling
in the stratosphere, in the tropopause region in the sub-
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tropics, where the tropopause is higher on the equatorial
side than on the poleward side. Such an enhanced north—
south temperature gradient can lead to a stronger zonal -
mean wind, which presumably impedes upward prop-
agation of planetary waves from the troposphere into
the stratosphere. Note that the vertical shear, which is
actually the quantity that is supposedly enhanced by the
north—south temperature gradient in this mechanism,
was not mentioned. In an earlier work, Chen and Rob-
inson (1992) found in their linear model simulations
that vertical wind shear near the tropopause is critical
for controlling the passage of planetary waves from the
troposphere to the stratosphere. They showed that a
weaker vertical wind shear tends to enhance upward
planetary wave propagation across the tropopause. As
wewill discusslater, different authors dealt with vertical
wind shears at different |atitude bands and formed very
different conclusions.

Recent studies on the so-called Arctic Oscillation or
NAM provide another view on the possible relationship
between planetary wave activity and the stratospheric
cooling. A recent survey linking NAM, planetary wave
activity, greenhouse effects, and climate changeisfound
in Hartmann et al. (2000), who emphasized that NAM
may be an internal mode of natural variability of the
atmosphere, acting on decadal as well as on interannual
timescales. This internal mode is characterized by its
deeply vertical coherent structure extending from the
surfaceto the stratosphere, irregular oscillation on broad
timescales, and positive trend toward the high-index
phase since 1968 (Thompson and Wallace 1998;
Thompson et al. 2000; Wallace 2000). Using observa-
tional data and general circulation model (GCM) output,
Limpasuvan and Hartmann (1999, 2000) found that the
NAM oscillation between high and low index phasesis
aresult of the internal coupling between the zonal flow
and the planetary waves. They showed that when data
were composited according to high and low NAM in-
dices, at the tropopause-level planetary waves are re-
fracted away from the Arctic polar region in the high-
index phase, whereas they are more readily focused into
the polar waveguide in the low-index phase, where they
decelerate the polar jet. The authors attributed the dif-
ferenceto the vertical shear and specul ated that thetrend
toward the high NAM index in the past three decades
may be related to greenhouse warming through the
mechanism of Shindell et al. The latitude band, which
is important for controlling the different vertical prop-
agation properties of planetary waves in the two dif-
ferent phases of NAM, was identified to be the subpolar
latitudes of 60°—80°N. This region however is too far
north of the latitude band of increasing vertical shear
for Shindell et al.’s mechanism to work.

Our purpose in the present paper istwofold. First, we
inquire whether planetary wave activity from the tro-
posphere into the stratosphere has changed systemati-
cally in the recent few decades as suggested above. Sec-
ond, we are concerned with the relationship between
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wave-driven dynamical heating and the long-term
stratospheric cooling trend. We focus attention on the
trends in January-mean temperature in Arctic polar re-
gion and the wave-driven dynamical heating during No-
vember—January (NDJ). This allows us to study the dy-
namical heating separate from the ozone heating effect,
which becomes more important in late winter. In ad-
dition to carrying out data analysis, we also provide
theoretical justification on how wave forcing controls
polar temperatures, NAM, and mean angular momen-
tum, and on why these January-mean quantities are de-
termined by cumulative wave forcing during preceding
and current months (NDJ).

2. Data

The data used in this study are the reanalysis data
from the National Center for Environmental Prediction—
National Center for Atmospheric Research (NCEP-
NCAR). Wavenumbers 1 and 2 are Fourier decomposed
from 51-yr (Nov 1949-Jan 2000) geopotential heights.
To avoid dealing with the boundary problems of the
NCEP-NCAR reanalysis model, our analysis does not
go above 20 mb. The daily data of 41-yr (1958-98)
NAM index at 50 mb, computed from the NCEP-NCAR
data, were provided by M. Baldwin. Detailed infor-
mation of the NAM index can be found in Baldwin and
Dunkerton (1999) and Baldwin and Dunkerton (2001).
There are three time lines that must be noted in linear
trend statistics. The reanalysis data at stratospheric lev-
els before 1958 are probably not reliable due to the lack
of sufficient observational datain the upper atmosphere.
In many recent works, 1968 isthe year that is considered
the starting year for stratospheric cooling and for the
positive trend in NAM index. Satellite data have been
included in generating the reanalysis data since 1979.
When put into the perspective of a longer time series,
it becomes apparent to us that the starting year (namely
1968) chosen by some of the previous authors played
an important role in the linear trends that were found
and reported. The statistical test for significance should
have to be different if one has the additional degree of
freedom to choose the starting year for a trend. Nev-
ertheless, this problem does not impact our results be-
cause our goal is to reconcile the self-consistency of
trends in wave activity and in mean flow, in whatever
time period these trends are found. For example, self-
consistency requires that if a significant trend in NAM
is found for the period 1968-2000 and if this trend is
speculated to be caused by wave forcing, then there
should be a trend in the latter for the same period.

3. Trends of planetary wave activity
a. Planetary wave amplitudes

We first examine the long-term variations of planetary
wave amplitudes in the stratosphere. Figure 1 illustrates
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Fic. 1. NDJ mean wavenumber-1 amplitudes at four levels at 60°N.

the variability of wavenumber-1 amplitudes, averaged
over NDJ, at 200, 100, 50, and 20 mb along the 60°N
lat circle (amplitudes and E-P fluxes averaged over
Dec—Feb are similar to that over NDJ). Seasonal av-
erages (NDJ) are more appropriate for the study of in-
terannual and decadal variations. On interannual time-
scales, wavenumber-1 amplitude varies substantialy,
and the variations at the four levels are vertically co-
herent. For periods of 19682000 and 1979-2000, wave
amplitudes at all four levels do not show significant
trends, though wave amplitudes increase at 20 mb and
slightly decrease at 200 mb. Additional calculations
show that there are no significant trendsin wavenumber-
1 amplitudes at levels below 200 mb over any period.
NDJ-mean wavenumber-2 amplitudes are shown in Fig.
2. The amplitudes at all the four levels exhibit no sta-
tistically significant trends in any of the three periods:
1958-2000, 1968-2000, and 1979-2000. An exception
seems to be wavenumber-1 amplitudes from 1958 to
2000. Over this period, the linear trends in wave ampli-
tudes at 20 and 50 mb are about 2.18 and 1.45 m yr-1,

at significance levels above 97.5% and 99%, respec-
tively. The trends vary with latitudes, with the largest
slope near 60°N.

One can conclude that in the NCEP-NCAR datathere
is no evidence for a decrease in planetary wave ampli-
tudes in the lower stratosphere in the past 51 or 43 yr.
The increase in wavenumber-1 amplitudes at some lev-
els from 1958 to 2000 may not be reliable.

b. Eliassen—Palm fluxes

In this subsection, we study the evolution of the E—
P flux from the troposphere to the stratosphere in the
past few decades since it is the E-P flux and its con-
vergence that measure the overall irreversible wave
driving of residual meridional circulation and dynamical
heating in the stratosphere.

Following Dunkerton and Baldwin (1991) and Salby
et al. (2000), we first define a box from 50° to 90°N in
latitude and from 100 to 20 mb in height. The size of
the box should be consistent with the region over which
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FiG. 2. Same as Fig. 1 except for wavenumber 2.
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FiG. 3. Plots of NDJ-mean total upward E-P flux at 100 and 20 mb, total horizontal E—P flux across the box boundary from 100 to 20
mb at 50°N, and the net E—P flux in the box.

the zonal mean quantities are to be averaged (see later).
For the space covered by this box, E-P flux across 100
mb (F,50mp) Measures the overall wave activity coming
from the troposphere, E-P flux across 20 mb (F ) iS
the amount going into the upper stratosphere, and E-P
flux across the boundary of 50°N (Fyy) IS the merid-
ional flux out of the box. The combination of the three
components, that is, F.y = Foom, — Fioomo — Fsen IS
the ““net” E-P flux out of this box, which, by virtue of
the divergence theorem, represents the total E-P flux
divergence averaged over the box. In each year, E-P
flux is averaged over 3 months (NDJ). In calculating
E-P flux, the quasigeostrophic version of E—P flux in
spherical geometry isused (Edmon et al. 1980; Andrews
et a. 1987). Figure 3 shows Fipom: Foomps Fsoens @nd
F.. for the 51 yr. Similar to the results by Fusco and
Salby (1999) and Salby et al. (2000), the upward E-P
flux across 100 mb has large interannual variabilities.
Comparison of F g, With F ., Suggests that about half
of the upward E-P flux penetrates the top of the box
and goes into the upper stratosphere. Negative net E-P
flux means that planetary wave activity always tendsto
decelerate the westerly mean flow. The most important
point to note here is that the plots do not exhibit evi-
dence of either decreasing E—P flux from the troposphere
or decreasing E—P flux divergence in the stratosphere
in the past 51 yr. This is consistent with the part of the
results of Zhou et al. (2001) for early winter.

c. Vertical wind shear in NCEP-NCAR data

The mechanism of Shindell et al (1998) would have
led to a declining wave propagation from the tropo-
sphere into the stratosphere over the past few decades,
which is not the case in the NCEP-NCAR data as re-
ported in the previous section. It turns out that in the
NCEP-NCAR data for the past few decades there is
indeed atrend toward larger meridional temperaturegra-

dients, and hence larger vertical shears, near the tro-
popause region, but this occurs in the data in the sub-
tropics rather than the midlatitudes in their double CO,
experiment. The subtropical tropopause is not the gate-
way controlling vertical propagation of planetary waves
into the polar waveguide in the stratosphere.

Figure 4aillustrates the vertical wind shears of zonal -
mean zona wind in the upper troposphere (250 mb),
averaged over NDJ, as a function of years. This level
is the one considered by Rind et al. (1998), Shindell et
al. (1998), and Shindell et al. (1999). At this level the
Tropics are warm, while middle and high latitudes are
cold. Because of the strong meridional temperature gra-
dient between 30° and 40°N, the vertical shear at 35°N
is about three times larger than the vertical shears at
45°, 55°, and 65°N. The shear at 35°N has a positive
trend from 1958 to 2000, with a slope of 0.004 m s—*
km~* yr—* and significance above 99.99%. From 1968
to 2000, the trend is also about 0.004 m s~* km~*yr-1,
with significance above 95%. From 1979 to 2000, the
shear is increasing slightly, but the trend is not signif-
icant. This appears to be consistent with the suggestion
by Shindell et al. (1998), Limpasuvan and Hartmann
(2000), and Hartmann et al. (2000), as far as the effect
of global warming on the vertical shear is concerned.
Vertical shears at 45°N, 55°N, and 65°N do not show
any significant trend. These latitude bands are more im-
portant for the propagation of planetary waves from the
troposphere into the polar stratospheric waveguide. The
lack of long-term trends in these regions is consistent
with our finding of no significant trends of wave activity
in the stratosphere.

Figure 4b shows the vertical wind shear near 100 mb.
Shears at 35° and 45°N show negative values because
the Tropics becomes cold, while middle latitudes are
relatively warm. This is the case studied by Chen and
Robinson (1992), although their imposed shear anomaly
covers a broader region (more poleward) than that in
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Fic. 4. Vertical shears of zonal-mean zonal wind, averaged over NDJ, at (a) 250 and (b) 100 mb. Each plot shows wind shears at four
latitudes: 35°, 45°, 55°, and 65°N. The shears at 250 mb are averaged from the vertical shears between 200 and 250 mb and that between
250 and 300 mb. The shears at 100 mb are averaged from the shears between 70 and 100 mb and 150 and 100 mb.

the data. The vertical shear at 35°N has significant trends
from 1958 to 2000 and from 1968 to 2000, with slopes
of about 0.01 m s~* km~* yr-* and 0.008 m s~* km~*
yr~* and significance above 99.5%. From 1979 to 2000,
the shear is slightly increasing, but not significant. Ver-
tical shears at 45°, 55°, and 65°N do not show any sig-
nificant trend.

d. On the refraction index argument

It is apparent that there has been a great deal of con-
fusion over the effect of increasing north—-south tem-
perature gradient (and, by the thermal wind relationship,
hence vertical shear) on the vertical propagation of plan-
etary waves into the stratosphere. The mean zona wind
and its vertical shear have opposite effects on the index
of refraction. Rind et al (1998) and Shindell et al. (1998)
focused on zonal wind magnitudeswhen it isthevertical
shear that is directly related to the expected increasein
the north—south temperature gradient. Limpasuvan and
Hartmann (2000) and Hartmann et al. (2000) attributed

the smaller index of refraction of the high NAM phase
to its larger vertical shear, which they thought impedes
vertical wave propagation, but the effect is likely due
to the larger zonal wind magnitude in the high-index
phase. Positive vertical shears actually increase the in-
dex of refraction and enhance upward wave propagation.

In the original theory of Charney and Drazin (1961),
a uniform zonal-mean wind was used in the calculation
of the index of refraction. It led to the conclusion that
the vertical propagation of stationary planetary waves
are impeded by strong westerly zonal wind and that no
stationary planetary wave can propagate in amean zonal
wind stronger than 38 m s—. However, the largest wave-
number-1 amplitudes are often found near the base of
the winter stratospheric jet, where the zonal-mean wind
exceeds 60 m s. We now know that the shears of the
zonal wind play an important role in some regions for
ducting the waves.

The square of the index of refraction, which char-
acterizes the propensity for stationary planetary wave
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propagation, is given (see Andrews et al. 1987), in
spherical quasigeostrophic form, by

RN« P S S S B B
(Y. 2 = (a cos¢) (2NH>’ (1)

f2( m, o

cosb |,  po Po N2/ 2
isthe meridional potential vorticity (PV) gradient. Here,
k, N, H, f, po, a, Q, and ¢ denote the zonal wavenumber,
buoyancy frequency, scale height, Coriolis parameter,
background air density, earth’s radius, earth’s rotation
frequency, and latitude, respectively. It is expected that
planetary waves are able to propagate in regions where
nZ > 0 and are refracted from regions where nz < 0,
and that the larger the nZ in aregion, the easier it isfor
planetary waves to propagate there (Matsuno 1970).

Expansion of the third term on the right-hand side of

(2) yields

f2( 1, f2 f2dN?\ f2_

p0<p0N2)z (HN2 TN olz)uz NER
Here, we have applied p,(2) = p, exp(—2z/H). The first
term on the right-hand side of (3), involving U,, is the
dominant one, except near the jet maximum. The quan-
tity multiplying U, is generally positive above 5 km, a
region of interest to us. Substituting this into (2) and
combining with (1), one can find that a larger (positive)
vertical wind shear T, should enhance the meridional
PV gradient and lead to a larger n2, thus tending to
enhance wave propagation, rather than impede them
(Tung and Lindzen 1979). Thisinterpretation isopposite
to that by Limpasuvan and Hartmann (2000), due pos-
sibly to a sign error.

The work by Chen and Robinson (1992) dealt with
negative vertical wind shears near the tropopause. When
a negative shear anomaly is superimposed on their stan-
dard wind profile, which makes the vertical shear near
the tropopause more negative, they found that E—P flux
convergence was reduced by as much as 20% in the
stratosphere in high latitudes and as much as 40% in
the upper tropospheric polar region. As far as the ver-
tical wind shear is concerned, Chen and Robinson’scon-
clusion, that less negative vertical wind shear enhances
wave propagation across the tropopause, is consistent
with ours.

From the thermal wind relation, ou/oz = —(R/Hf)
(0T/ay), it then follows that an increase in the north—

where

(U cosg),

2Q) 1
q, = cosé —

a az
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south temperature gradient (—dT/dy) in the upper tro-
posphere, as noticed by Rind et al. (1998) and Shindell
et al. (1998, 1999) in their simulations, should lead to
both larger o and U,, and possibly larger u,. To distin-
guish the relative importance of these termsin (1) and
(2) and to quantify the difference of n2 between low
and high NAM phases, we calculate n2 for stationary
wavenumber 1 using Jan-mean, zonal-mean zonal winds
and temperatures in NCEP-NCAR data for two years,
1987 and 1989, chosen to represent the low and high
NAM phases, respectively.

Figures 5a and 5b show the Jan-mean zonal-mean
winds in the two years. The plots from the two single
years are similar to the composite plots in Fig. 3 in
Hartmann et al. (2000). The low-phase year (Fig. 5b)
has a stronger subtropical tropospheric jet but weaker
zonal winds at high latitudes in the troposphere and
stratosphere as compared to the high-phase year (Fig.
5a). Plots of refraction indices (Figs. 5¢ and 5d) in the
two single years are also similar to the composite plots
[see Fig. 8 in Limpasuvan and Hartmann (2000)]. In
both years, n2 maxima of interest are located around the
subpolar tropopause (60°-80°N). In the low-phase year,
nZ values are greater than those in the high-phase year,
due to the weaker values of T at high latitudes.

Figures 5e and 5f show a2q,/u, the first term in (1),
for the two years. It is obvious that the two plots are
similar to Figs. 5¢ and 5d in both structure and relative
magnitudes. To distinguish the importance of T in its
contribution to a*q,/u, we plot instead a%q,/10 m s*
of the two yearsin Figs. 5g and 5h. The subpolar max-
ima near the tropopause are shifted to the subtropics
(30°-40°N) when U is taken away. This says that the
maxima of n2 in Fig. 5e and 5f near the polar region
are caused by the weak T, rather than by T,, which is
rather weak in that region. This is different from the
interpretation by Limpasuvan and Hartmann (2000),
who inferred that the difference of n? between low and
high NAM phases is a result of the difference of U,,
near the subpolar tropopause.

To distinguish the relative importance of the term
involving U, from other terms, we plot a?2/10 m s=*[ 2/
HN2 + (f2/N4)(dN?/dz)]a, of the two years in Figs. 5i
and 5j. One can readily find that in both years the max-
ima around the tropopause is nearly the same as those
in Figs. 5g and 5h for a%q,/10 m s~*. This implies that
for the region of our interest, that is, the region around
the tropopause, the contribution from [f2/HN? + (f2/
N4)(dN2/dz)]u, to g, is more important than the con-

—

Fic. 5. Comparison of the terms in the refraction index formula for stationary wavenumber 1 (k = 1, o = 0). Plots on the left-hand and
right-hand sides are for Jan 1989 (high NAM phase) and Jan 1987 (low NAM phase), respectively. (a),(b) Jan-mean U, (c),(d) a’nz, (e),(f)
a2(qg,/u), (9),(h) a&q,/10 m s, (i),(j) @%/10 m s *[(f2/HN?) + (f2/N*)(dN?/dz)] U,. In (a) and (b), contours range from 0 to 50 m s~*, with
an interval of 5 m s=*. In other plots, contours range from 0 to 400 with an interval of 40. In al the plots, regions with negative values are

shaded.
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tributions from terms involving U,, and meridional de-
rivatives.

In conclusion, while it appears that the observed U,
trend is consistent with the speculation of enhanced
north—south temperature gradient due to global warm-
ing, the effects of U and its vertical derivatives on plan-
etary wave propagation into the stratosphere is not as
previously proposed. First, such increases of U, and U
occur only in the subtropics, which is not the main
gateway for wave propagation into the stratosphere.
Second, if the greenhouse effect is sufficiently strong
so that the tropospheric jet is moved from the subtropics
to higher latitudes, such as that in the doubling CO,
simulation by Rind et al. (1998), the enhanced vertical
wind shears (not U,,) at midlatitudes would lead to an
enhancement of vertical wave propagation rather than
suppression. Indeed, Rind et al. (1998) observed an in-
creased wave activity in the low stratosphere in their
simulations. However, unlike the case in models, the
NCEP-NCAR reanalysis data do not show significant
trends in U, or U at middle and high latitudes over the
past few decades. Therefore, the refraction index ar-
gument is seen to be consistent with our result that
planetary wave activity from the troposphere into the
stratosphere has not declined in the past few decades.

4. Relation between dynamical heating and
stratospheric cooling

a. Theoretical considerations

Before we present more observationa results, it is
necessary to show theoretically the relationship between
planetary wave fluxes and the dynamical heating of the
zonal-mean state.

Under the quasi geostrophic approximation applicable
to the extratropical region, the zonal-mean temperature
equation is (Andrews et al. 1987, p. 129)

a0 —

8t GOZW + Q! (4)
where 6 = T(p,/p)R¥< is the potential temperature, 6,,
= df,/dzisthe vertical gradient of the background state
of the potential temperature, (*) denotesthe zonal mean,
W* isthe vertical velocity component of thetransformed
Eulerian mean circulation, and Q is the zonal-mean net
radiative heating. The first term on the right-hand side
of Eg. (4) is the so-called dynamical heating induced
by adiabatic compression of descending air in the polar
region. It is related to the residual meridional motion
through the continuity equation

App— 9, oy _
@(pov cosg) + =—(poW") = O, ©®)

withy = a sing.

The nondivergent nature of the meridional circulation
(5) implies the existence of a streamfunction ¥ such
that
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Let () denote area-weighted meridional average from
a latitude ¢ to the pole; that is,

Jﬂ Aa cos¢p do Jﬂ A cose do
Y

W= @ - sng)

- w2 - (7)
f a cos¢ do

¢

Equation (4) becomes, assuming that ¥ vanishes at the
pole,

(9 7 GOZ\I’L/;
- gy = —%= ¢
at (po0) a(l — sing)

The quasigeostrophic form of the zonal momentum
equation is

+ (poQ)- )

ou 1

— = fv* = V-F, 9

a @ ©
where V-F = 9/dy(—pu'v' cose) + dloz(p,fl0,,0"6")
is the Eliassen—Palm flux divergence, which embodies
the irreversible, net effect of wave activity on the mean
flow. As pointed out by Newman et al. (2001), over
monthly or seasonal timescales au/at is about two orders
smaller than the other terms, and the dominant balance
is therefore between the Coriolis torque and the wave
driving

—fpo* = V-F, (10)
which is the same as
f ov
——=V_-F 11
Ccos¢ 9z (D)
Integrating (11) with respect to z yields
v = %v—e' cosd + 8, (12)

0z

where 6§ = —(1/af )(9/0¢) |, pu'v’ cose dz. Figure 6
shows the 3-month mean of the two quantities on the
right-hand side of (12). The quantity, 8, which is de-
termined by the meridional derivative of momentum
flux at latitude ¢, is about 2 orders of magnitude smaller
than the heat flux term in the lower stratosphere. EQua-
tion (8) then becomes, to a high degree of accuracy,
J ,— v'0’ co
(G) ~ L0

ot al - sing)|, Q-

(13
We see that at level z the dynamical heating for the
mean temperature averaged over an area from latitude
¢ to the north pole is given by the poleward heat flux
v'6’' cose at latitude ¢. Note that the dynamical heating
is neither directly given by E-P flux divergence, V-F;
nor by latitudinaly integrated upward E-P flux across
the tropopause (Fusco and Salby 1999), F,yo.,; NOr by
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Fic. 6. Comparison of magnitudes between NDJ mean eddy heat flux (solid line) and NDJ mean eddy momentum flux divergence [§ in
Eq. (12)] (dotted line) at 50 mb and 60°N.

the momentum flux (Limpasuvan and Hartmann 2000).
The derivation can also be given from the Eul erian mean
temperature equation with perhaps a little more ease.
Newman et al. (2001) derived a similar result from a
different starting point. Note that the wave forcing
drives the mean temperature tendency, not the mean
temperature itself.
Integrating (13) from t, to t, gives

(@), — (8), = f CEd f a1

where
v'0' cosp

= 31— snd) (15

¢

denotes the poleward heat flux at latitude ¢ and z. Equa-
tion (14) states that over any time period t, — t,,
(6),, (or more precisely, the difference between it and
(6),)) is determined by the cumulative wave-driven heat-
ing during current and preceding periods, not just over
the contemporaneous one. This was qualitatively ad-
dressed by Salby et al. (2000) and demonstrated by
Newman et al. (2001). We further average (6),, and
(6),, over t, and over t, to yield monthly mean (6),,,
and (0),,,.- Then, the corresponding dynamical heating
should be the accumulation of monthly running-time
mean of F,, from 1 Nov to 31 Jan. To conform to
common practice, we shall use the NDJ mean of F_,
instead of the cumulative running-time mean, there be-
ing no significant difference between the two forms of
time average.

b. Dynamical heating versus temperature

Figure 7 illustrates Jan-mean polar temperatures at
five levels: 100, 70, 50, 30, and 20 mb, area-weighted
over 60°—90°N, over the past 51 yr. The temperatures

are vertically coherent and exhibit large interannual var-
iations, ranging from about 200 to about 220 K. On
decadal timescales, the mean temperatures at all the lev-
els show significant negative trends from 1968 to 2000.
At 50 mb, thetrendisabout —0.17 K yr—* at significance
level above 97.5%. The polar mean temperature at 50
mb reaches a minimum of 201 K in Jan 2000. The net
decrease of the polar mean temperature is about 5.6 K
in the past 33 yr. This result is consistent with the
stratospheric cooling trend for winter—spring of —5 K
(19 yr) ~* reported by Pawson et al. (1998), Randel and
Wu (1999), and Thompson et al. (2000) from the Mi-
crowave Sounding Unit channel-4 (MSU-4) data. Ran-
del and Wu (1999) in particular found a —4 to —8 K
Arctic cooling during Jan—Apr (peaking in spring) since
1985. The smaller cooling trend in our result is probably
because ozone depletion is not yet a large factor for
Arctic cooling during polar night (e.g., Jan), unlike the
case after final warming. Note that the significance of
the trend is sensitive to the starting year chosen because
of the large interannual variability. For example, if one
chooses the starting year after 1970, one will not find
a significant trend.

In the summer season, the stratosphereisdynamically
less disturbed, and hence has temperatures close to ra-
diative equilibrium. Therefore, any temperature trend
induced by radiative cooling should be more readily
detected from summer temperatures. To verify whether
a cooling trend exists in the Arctic polar region, we
have calculated Jul-mean temperatures, averaged over
the same polar region, at the samefivelevels. Theresults
are plotted in Fig. 8. Compared to the Jan-mean tem-
peratures, the interannual variabilities of the Jul-mean
temperatures are much smaller, within 3 K at these lev-
els. The temperatures first increase, reaching a maxi-
mum in Jul 1968, then monotonically decrease to year
2000 at 100, 70, and 50 mb. As marked in the figure,
the trends at these levels from 1979 to 2000 are about
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Fic. 7. Jan-mean temperatures at 100, 70, 50, 30, and 20 mb, area-weighted over 60°-90°N, as a function of years. Legends are marked
in the plot.

—0.06, —0.07, and —0.05 K yr-1, respectively, with
significance all close to 100%. The trends are close to
the results from CLIMAT TEMP data reported by Gaf-
fen et al. (2000). Higher up, at 30 mb the temperature
does not show a significant cooling trend. In fact, a
warming trend is found at 20 mb, with significance
above 90%. Randel and Wu (1999) and Gaffen et al.
(2000) also showed similar warming trends at levels
above 30 mb. It seemsthat stratospheric cooling ismain-
ly in the lower stratosphere.

Though the winter trend is not as systematic as the
summer trend, the long-term temperature variation in
winter is not inconsistent with the summer trend. For
example, if one calculates the winter trend starting from
1977, one would obtain a trend with a slope of —0.05
K yr=* (circle-dash line in Fig. 7), which is close to the
summer trend.

To examine the relationship between temperature and
dynamical heating due to planetary waves, in Fig. 9 we
plot the anomalies of the Jan-mean polar mean tem-
perature, as a function of years, against the normalized
anomalies of heat flux F & 5o, @veraged over NDJ. Con-
sistent with the prediction in (13) or (14), theinterannual
variability of the temperature is indeed driven by the
interannual variability of the cumulative wave-driven
heat flux. For the period from 1958 to 2000, the cor-
relation coefficient between the two is about 0.73 (the
nearly anticorrelation before 1958 appears to be due to
bad data). From 1968 to 2000, the correlation is about
0.90. From 1979 to 2000, the correlation is about 0.84.
These are all very high correlation coefficients. The cor-
relation of interannual variations between the polar

mean temperature at 50 mb and F gy soms 1S ClOSE tO the
resultsin Salby et al. (2000) and Newman et al. (2001).

Though there is a strong correlation of interannual
variations between the polar mean temperature and
wave-driven heat flux F gy soms, the two appear to be-
have differently on longer timescales. From Fig. 9, one
can see that the long-term trends of the two diverge.
The trend in the temperature is steep and statistically
significant, while the linear regression of F gy somp, N8S
anearly zero slope. Therefore, the stratospheric cooling,
A6, is probably aresult of radiative cooling, A 6., pos-
sibly due to greenhouse gas effects and ozone depl etion,
rather than a result of a decrease of dynamical heating
induced by planetary waves. [That is, the long-term
trend is more consistent with the balance: A6 = o (A6,
— A0) = 0in (13) rather than a balance between the
first and second terms.]

To compare with the result by Salby et a. (2000), in
Fig. 10 we plot the normalized anomalies of NDJ-mean
F so'n.50mp» 80@INSt the NDJ-mean upward E—P flux from
the troposphere, F,qm,- EXCept in afew years when the
two are out of phase (e.g., 1958, 1974), the interannual
variations of F gy somy @Nd Figon, are very consistent.
From 1968 to 2000, the correlation coefficient between
the two fluxes is about 0.80. This is not surprising be-
cause Fgpnsomp 1S part of the overal planetary-scale
wave driving from the troposphere.

As mentioned above, the cooling trend in the Jan-
mean polar mean temperature is about three timeslarger
than the summer cooling trend. The large interannual
variation of dynamical heating may affect the linear
trend obtained for winter. In order to reduce the influ-
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FiG. 8. Jul-mean temperatures at 100, 70, 50, 30, and 20 mb, area-weighted over 60°—90°N, as a function of years. Legends are marked
in the plot.

ence of the interannual variations of dynamical heating  Fgpnsomps Tsoms — @Fsonsomns @10 b+ yt;. One sees
on the cooling trend, we use the method of least squares  that fluctuations of Tgy,, — @F gonsoms (SOl line) are
regression to minimize the sum of squared residual less than these of T, (dotted line). The trend for nor-
- malizEd Teomp — ;F%N'Soan\lqb isy=~ —0.29. ;I'ransf?rming

_ o ) it to the unnormalized value gives yor,, /o, = (—0.29

Zl [Toomo(t) = @Feonsom(t) = b — 1% (16) 4.6)/9.8 ~ —0.14 K yr* with significance above
97.5%, where o+, and o, are the standard deviations

where vy is the trend we expect after minimizing fluc-  of Ty, and b + yt,. The obtained winter cooling slope
tuations of dynamical heating, « is the optimized co- does not change very much even after the interannual
efficient for reducing fluctuations from F gy somp, @nd t;  fluctuations of dynamical heating are minimized. What
denotes years. Figure 11 illustrates normalized T.,.,, S gained is that visualy it is clearer from Fig. 11 that
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Fic. 9. Anomalies of Jan-mean temperature at 50 mb, area-weighted over 60°-90°N, vs years, against hormalized NDJ mean poleward
heat flux, Fepnsoms (NOrmalized by its rms). The dash—dot line is the trend in temperature, and the dashed line is the linear regression of
F eonsomp- FOr comparison with the temperature anomaly, the normalized E-P flux is multiplied by 5.7.
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5. E-P flux versus NAM index and angular
momentum

Now we turn our attention to the relationship between
planetary wave activity and the zonal-mean flow. Since
the NAM pattern consists mostly of the anomalies of
zonal-mean geopotential heights, it can be considered a
proxy for the zonal-mean state. The positive trend of
the NAM index is thus seen to be consistent with the
strengthening polar night jet (Thompson and Wallace
1998; Wallace 2000), which is in turn consistent with
polar cooling.

Figure 12 shows the normalized anomalies of the Jan-
mean NAM index at 50 mb as a function of years,
against Fgom- On interannual timescales, F, g, @nd the
NAM index have an antiphase relationship, with a cor-
relation coefficient of about —0.73. The anticorrelation

becomes stronger in more recent years probably because
of better data. For the periods: 1968-98 and 1979-98,
the correlation coefficients are —0.78 and —0.88, re-
spectively. On decadal timescales, however, the two di-
verge. The NAM index shows a significant positive
trend over 1968-98, with slope 0.04 yr—* and confidence
close to 95%. This result was first obtained by Thomp-
son et a. (2000). Over the same period, the linear re-
gression of F,,.,, has a slope that is not statistically
different from zero.

Limpasuvan and Hartmann (1999, 2000) and Hart-
mann et al. (2000) focused on the interaction between
the NAM index and eddy-momentum flux (which is
equivalent to the horizontal component of the E—P flux
here). In Fig. 13 we replot the NAM index together with
normalized F ., (the latter was already shown in Fig.
3). The two are generally anticorrelated on interannual
timescales, and the anticorrelation is as good as the
relationship between the NAM and the vertical E—P flux
in Fig. 12. Their long-term trends are even more di-
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Fic. 11. Cooling trend in Jan-mean polar-mean temperatures after minimizing fluctuations of wave-driven dynamical heating.
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Fic. 12. Jan-mean NAM index at 50 mb vs years, against NDJ mean total upward E-P flux at 100 mb (normalized by its rms). The

dash—dot line is the trend in NAM index, and the dashed line is the linear regression of F,qy,-

vergent than those in Fig. 12 for the vertical E-P flux.
Incidentally, it should be noted that in the stratosphere,
the momentum flux is not an important factor in the
momentum budget; see Fig. 3.

In Limpasuvan and Hartmann (1999, 2000) and Hart-
mann et al. (2000), the E-P flux vectors were compos-
ited according to the high-low phases of NAM indices
on a winter-to-winter basis. Thus, what was found by
them actually represents the interannual relationship be-
tween the NAM index and the E-P flux vectors. The
anticorrelation between the NAM index and the E-P
flux shown above reflects this relationship on interan-
nual timescales. It suggests that the dynamical heating
caused by upwelling wave E—P flux can account for
most of the year-to-year variations of the NAM index
(treating the latter as a zonal-mean quantity). Over de-
cadal timescales, however, the positive trend in the
NAM index, which is consistent with decreasing polar

mean temperature, is not explainable by the E—P flux
trend. We thus suggest that the positive trend in the
NAM index is probably caused by radiative effects, a
different mechanism from that causing the interannual
high NAM index phases.

Theinteraction between planetary waves and the zon-
al-mean state in the stratosphere can also be demon-
strated in the zonal-mean angular momentum budget.
From the transformed Eul erian-mean momentum equa-
tion, Tung (1986) and Dunkerton and Baldwin (1991)
have deduced that the tendency of zonal-mean angular
momentum over a time period is approximately given
by the E-P flux divergence averaged over the simul-
taneous period; that is,

M)
p 17

where M = p,a cos¢(u + Qa cose) is the angular

=~ Fnet - <X>1
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Fic. 13. Jan-mean NAM index at 50 mb vs years, against Jan-mean horizontal E—P flux crossing the box boundary at 50°N (normalized
by its rms). The dash—dot line is the trend in NAM index, and the dashed line is the linear regression of the horizontal E-P flux, with a

nearly zero slope.
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Fic. 14. Angular momentum difference between Jan—-mean and Nov-mean within the box vs years, against NDJ mean total upward E-P
flux at 100 mb. Both are normalized by their rms. The dash—dot line is the trend in angular momentum difference, and the dashed line is

the linear regression of F,,-

momentum, (M) = |Z |7 Ma cos¢ d¢ dz is the mean
angular momentum integrated over latitude and height,
and (X) represents the mean advection of M. However,
we found that zonal-mean angular momentum does not
correlate with E-P flux divergence as well as its cor-
relation with the upward E-P flux, F .- It is probably
because the mean advection of angular momentum (X)
is not negligible. Instead, we shall focus on the corre-
lation between angular momentum tendency and F,qos,
since the latter measures the overall wave driving com-
ing from the troposphere, as pointed out by Salby et al.
(2000).

Figure 14 shows normalized anomalies of angular
momentum difference between Jan mean and Nov mean
as a function of years, against normalized Fq,,, anom-
alies (angular momentum is averaged over the same box
asthat for E-P flux in Fig. 3). Similar to the relationship
between the NAM index and E—P flux, the angular mo-
mentum difference and upward E—P flux are also an-
ticorrelated on interannual timescales. From 1958 to
2000, the correlation coefficient is about —0.72. For
periods of 19682000 and 1979-2000, the correlation
coefficients are —0.82 and —0.85, respectively. Such
strong anticorrelations mean that the interannual vari-
ability of angular momentum tendency is coupled with
planetary wave activity. Again, the two show different
trends for longer timescales. The angular momentum
difference has a trend over the period of 1968-2000,
with a slope of about 2.0 X 108 kg ms~* yr—* and
significance close to 95%, in contrast to the nearly zero
slope of the linear regression of F,omp-

6. Conclusions

Using 51-yr NCEP-NCAR reanalysis data, we have
studied the interannual and long-term variations of plan-
etary wave activity, stratospheric cooling, and NAM.
Our results demonstrate that there is no evidence in-

dicating a decrease of planetary wave activity from the
troposphere into the stratosphere over decadal time-
scales. Both E-P flux across the tropopause and plan-
etary wave amplitudes in the lower stratosphere do not
show significant changes in the past few decades. This
disagrees with the speculation that planetary wave ac-
tivity in the stratosphere might have been reduced by
altered climate conditions in the upper troposphere due
to the greenhouse effect.

Our results show that on interannual timescales the
variation of the Jan-mean polar mean temperature is
strongly driven by poleward heat flux. On timescal es of
decades, however, the two are not coupled. The tem-
perature has a significant cooling trend in the recent 30
yr, while both the poleward heat flux and the upward
E-P flux across 100 mb do not have any significant
trend. This suggests that the cooling trend in the polar
temperatures is probably a result of radiative cooling,
due possibly to the greenhouse effect and/or ozone de-
pletion, and not as a result of declining planetary wave
activity.

Similarly, on interannual timescales the variabilities
of the NAM index and angular momentum are all
strongly anticorrelated with the interannual variability
of the upward E—P flux across 100 mb. For longer time-
scales, the significant, positive trendsin the NAM index
and angular momentum are not accompanied by a de-
crease of the upward E—P flux from the troposphere.
Therefore, these positive trends can also be attributed
to radiative cooling. An evidence supporting this ar-
gument is that the NAM trend is most significant in the
lower stratosphere (Hartmann et al. 2000), where the
cooling trend in the polar mean temperature is largest
and most significant.

In the present paper, we have mainly focused on the
variations of planetary waves, polar mean temperature,
and NAM in early and middle winter. We have not
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touched upon the issue of stratospheric cooling in late
winter and spring. As briefly mentioned above, strato-
spheric cooling trends in early versus late winter are
very different due to the radiative effect of ozone, which
becomes more important during and after the final
warming, when the sun returns. It has also been sug-
gested that recent stratospheric cooling in late winter
and early spring might be partly attributed to less ozone
transport from the Tropicsto the Arctic polar region due
to adecrease of planetary wave activity (Coy et al. 1997,
Shindell et al. 1998). Whether or not this speculation
is true remains to be addressed.
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