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ABSTRACT

The concept of downward control proposes a mechanism for the impact of the stratospheric circulation
on the troposphere. Momentum forcing at upper-stratospheric levels induces a meridional circulation that
eventually reaches the surface. So far, a lack of sufficiently accurate data hindered an observational test of
this downward propagation. The concept is extended in this paper by looking at the effect of angular
momentum forcing in prescribed regions in the lower stratosphere on the tropospheric circulation. In that
case, the European Centre for Medium-Range Weather Forecasts Reanalysis Project (ERA) data can be
used to investigate the atmospheric response to forcing in a prescribed domain. It is found that these forcing
events are quite short lived and that angular momentum flux convergence in the prescribed domain is highly
correlated with convergence outside this forcing area. Typically, these fields of convergence and also
divergence extend to the surface in a quasibarotropic manner outside the Tropics. This structure of the
forcing is not compatible with the assumptions of the downward control concept. The observed related
meridional circulation therefore differs widely from that predicted. In particular, there is no obvious descent
of the circulation to the ground. Even so, such forcing events are accompanied by an intensive exchange of
angular momentum between stratosphere and troposphere. The confinement of the forcing to the selected
forcing domain is reasonably strict in the Tropics. A relatively narrow tongue of angular momentum is
growing at the equator underneath the forcing area. Frictional torques play a role in this development.
Altogether, the forcing events as selected involve a strong angular momentum exchange between strato-
sphere and troposphere but are not suited for a test of the downward control concept. Alternatives are
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discussed.

1. Introduction

The mechanism of downward control (Haynes et al.
1991, hereafter H91) is concerned with the impact of
the stratosphere on the troposphere via momentum
forcing G at upper-stratospheric levels. This anomalous
wave driving acts, for example, in the approximate
zonal momentum equation

u _
— — 2Q sinpv = G, (1.1)
Jat
where
2
u= J' ua cose d (1.2)
0
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is the zonal integral of the zonal wind velocity and v is
the corresponding meridional component (H91; Q =
27 day~ ! @ latitude; A longitude). Given the switch on
of a wave-induced force G restricted to a forcing area F
in the upper stratosphere, H91 showed analytically and
numerically that a meridional circulation and corre-
sponding changes of the zonal wind are induced mainly
below F but there is also a weak response propagating
upward (see also Holton et al. 1995). Eddy feedbacks in
the troposphere may alter and enhance the response
(e.g., Song and Robinson 2004). Although the underly-
ing processes appear to be robust and well understood
it is not clear as yet if this mechanism is capable of
inducing substantial accelerations in the troposphere.
The stratospheric momentum changes at heights of,
say, 40-50 km (H91; Holton et al. 1995) may be too
small to generate appreciable anomalies of the zonal
wind at low levels [Egger (1996); see Shepherd and
Shaw (2004) for further constraints]. On the other
hand, numerical experiments with anomalous wave
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driving at 25-35 km (Song and Robinson 2004) resulted
in clear responses in the troposphere. Lack of suffi-
ciently accurate data at upper levels so far has pre-
vented tests of the concept with respect to flow evolu-
tion in time. Matters are different if we look at events
of momentum forcing in the lower stratosphere where
such data are available. Forcing areas F can be specified
in the lower stratosphere, and the tropospheric and
stratospheric response to observed forcing G in F can
be analyzed. In particular, we look for the evolution of
stratospheric impacts on the troposphere.

Following H91, we reformulate this problem in terms
of the axial angular momentum equation

d d d
5P + (a cosg) "t P} (upm) + (a cosp) " ED (upm coso)

+ __w 13
— (pwm) = = 5o (13)
where

m = (u + Qa cosp)a cose (1.4)

is the specific axial angular momentum and p is pres-
sure. Stress terms are deleted in (1.3) as being unim-
portant well above the ground. Zonal integration of
(1.3) gives

ad

—ﬁ-l—a_liV-l-iW:O
dp 9z

P (1.5)

above the mountains. In (1.5), @ = mp is the zonally
integrated angular momentum and

(1.6)
(1.7)

V=wnp=V, +V, and
W=wmp=W,, + W,

are the mean fluxes. These are split in a flux V,, of the
mass term

w,, = pQa® cos’ @, (1.8)

and a flux V,, of the wind term
W, = pUd COSQ (1.9

where, of course, w = u,, + u,. Corresponding defini-
tions apply in (1.7). Hence, (1.5) can be replaced by

8*+ *lav +8W =—a'—V aW
atl"l’ a a(P m 9z m = —4a 6<P w 9z W
(1.10)
Let us introduce the divergences
= a |4 — W, and (1.11)

—V, +
dp " 9z ™

EGGER AND HOINKA

3809

w 52 W (1.12)
of the mass and wind-term fluxes. The first term on the
left-hand side in (1.10) is analogous to the tendency of
the zonal wind in (1.1). The sum D,, of the second and
third term is approximated by the Coriolis term in (1.1)
(see also 1.16). The term D,, on the right-hand side of
(1.10) generalizes the forcing G in (1.1). The final step
is to select a forcing area F for which

_ 2
D,=a —V,+—-W
do

Gp= —f D, df (1.13)
F

is the integral of the convergence of the wind-term
fluxes over F. For example, the forcing areas selected
by H91 and Holton et al. (1995) may be chosen in (1.13)
so that G, ~ G.

It is common to analyze the atmospheric response to
a given forcing within the frame work of the trans-
formed Eulerian-mean equations (e.g., Andrews et al.
1987) where (1.1) is replaced by

ou

E—Zﬂsmcpv =-V-F

with residual meridional velocity v* and the Eliassen—
Palm flux F in the simplest case. In particular, G could
be absorbed into the divergence of the Eliassen—Palm
flux. It appears, however, preferable to use (1.10) be-
cause (1.14) obscures angular momentum conservation,
a feature of key importance to our approach.

It is the purpose of this paper to evaluate the atmo-
spheric response to a forcing (1.13) in selected regions
on the basis of data. Note, in particular, that we are
concerned here with the time-dependent part of the
work of H91. Steady-state aspects will not be dealt with.
Clearly, this is a statistical problem where we have to
look at many cases to obtain a reliable answer. That can
be done by selecting events with forcing in a given area,
calculating the terms in (1.10) for every event and
evaluating finally the covariances of forcing and re-
sponse. It is, however, easier and more elegant to de-
termine first these covariances of forcing and response
on the basis of the observations and insert those in a
statistical version of (1.10) where just these covariances
are the variables. Both methods give the same result, of
course.

It is straightforward to derive this statistical version
of (1.10) (e.g., Papoulis 1965). Let C(s, p|r) the covari-
ance function of a variable s with another variable p as
a function of lag 7. Multiplication of (1.10) by G (7)
with 7 = t — 1 gives

(1.14)

d
Gr(t) - p(@+ 1) + Gp(O)D,,, (T + 7)

= —G.(OD,(f + 7). (1.15)
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After taking expectations results
9
E_ C(GF’ ﬁlT) + C(GF7 DmlT) = _C(GF7 leT) (116)

as the equation to be analyzed in the remainder on the
basis of data. The first term on the left-hand side de-
scribes the evolution of the covariance of the forcing G
and the atmospheric angular momentum with lag. It is
a generalization of the tendency in (1.1). The second
one is essentially the covariance function of forcing and
the Coriolis term. To see this more clearly we may
rewrite (1.1) in the form

Jucose d O cosen 0 Q it = G
— + —Qcos“¢gv + — COS = G cos
ot 9 VTP p Po2a ow ¢,

1.17)

so that indeed the Coriolis term is seen to stand for the
divergence of the mass term flux. The term A =
—C(Gg D,,|7) on the right-hand side of (1.15) corre-
sponds, of course, with the term G cose in (1.16), but
while G vanishes outside F, this is not generally true
with respect to A. Of course, the term A is large in F at
least for small lags because of (1.13). There is, however,
no reason why A should vanish outside F. Divergences
D,, in other parts of the atmosphere may be statistically
related to G so that A # 0 there. The forcing G is
specified in separation in the cases assumed by H91. It
is not obvious if the data contain such cases.

Altogether, at least three different types of results
are conceivable for this test. We may find a sufficient
number of events where the assumptions of H91 are
sufficiently satisfied. In that case we expect to see ver-
tical angular momentum transports evolve in response
to the forcing as predicted by the theory of downward
control (H91). If the results support this expectation,
the theory is corroborated, if not, one has to search for
reasons for this failure. Third, we may not be able to
find cases where the theory can be applied.

It is customary to characterize the interaction of tro-
posphere and stratosphere by the exchanges of air
mass, water vapor, and trace substances (e.g., Hoerling
et al. 1993; Wirth and Egger 1999; Wernli and Bourqui
2002). The calculations of H91 suggest that forcing
events are also be accompanied by such exchanges. We
expect, in particular, that angular momentum will be
transferred. Such transfers will be quantified as a by-
product of the tests.

2. Data and strategy

The data to be used are part of the dataset covering
the period January 1979-December 1992 generated by
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the European Centre for Medium-Range Weather
Forecasts Reanalysis Project (ERA; Gibson et al.
1997). Wind and density are available at the 31 levels of
the hybrid o system of the ERA scheme. Torques can
be calculated as well on the basis of the ERA data. All
data are transformed to equidistant z surfaces with a
vertical spacing Az = 1000 m. The representation of the
mass terms as function of height is possible only in a
spatially fixed system. Latitude belts of width aA¢ =
1000 km are introduced as well. The fluxes V and W are
evaluated such that angular momentum budgets can be
evaluated for all annuli (i, j) of width
m

2+1Aq;>

—g+U—lM¢S¢S— @.1)

and depth
(j—DAz=z=]jAz. (2.2)

In particular, (1.12) is integrated over the volume of an
annulus so that

dC(Gp, fiylr) . - .
T A AGk (Vigry = Vig + Wiy = W]
=0, (2.3)

where fi; is the integral of w over the area of the an-
nulus and V,, (W;,) is the integral of V =V, + V,,
(W=W,, + W,) over the northern (upper) boundary of
the annulus. Of course, these transports may be split in
mass and wind-term contributions. Forcing areas are
characterized by the index intervals [ =i =1, J, =]
= J,, so that

In

Jo
Ge==2 (V= Vi) = 2 Wiy~

J=Ju i=1s

Wi,

(2.4)

Although the z surfaces of our grid are evenly spaced
up to a height of 28 km, those of the ERA scheme are
not. There are only few analysis surfaces left above a
height of 20 km. It has been decided, therefore, to only
consider forcing areas G below heights of 21 km, that
is, in the lower stratosphere. The annual and semian-
nual cycle is suppressed by subtracting the correspond-
ing Fourier modes. The available four daily values per
variable in the ERA set are averaged over the day.
Further details on the data handling are found in Egger
and Hoinka (2005).

It is useful (see Egger and Hoinka 2005) to introduce
a generalized streamfunction ¢ and velocity potential y
per annulus (i, j) via

AGp, Vi,le) = ll’i,j - lal/i,j+1 + Xiv1,j ~ Xijo 2.5)

C(Gp, Wi,le) =iy — Ui T Xijer T Xigr (2.6)
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Given the observed covariance functions at the left, it is
straightforward to determine ¢y and y where the stream-
function represents that part of the angular momentum
fluxes that has no impact on changes of the angular
momentum and which are captured by the velocity po-
tential. At the ground (j = 1) we have

CGpWylr) = C(GLT|7),
where T; = T; + T,, is the sum of the friction and

mountain torque per belt with

2.7)

T, = J’ 7.4 cCos¢ ds;,

Si

ap,
T,.= J h In ds;

s

(2.8)

(7, zonal surface stress, i topography, p, surface pres-
sure, s; surface of belt 7). These torques are not included
in (1.6) because this equation is strictly valid only above
the top of the earth’s mountains. A more complete ver-
sion of this equation is given in Egger and Hoinka
(2005) where the torques represent the transfer of an-
gular momentum at the earth’s surface. If all terms
C(Gp, T;|7) are of the same sign, clearly,

X2 — Xa = C(Gp, T;|7)
=0 (2.9)

is the boundary condition to be posed. If the sign varies
we assume that only those parts of the torques contrib-
ute to x;;, which cannot be balanced by torques of op-
posite sign in another belt. Details of the procedure are
discussed in Egger and Hoinka (2005). Note that a split-
ting of ¢ and x in mass and wind-term flux contribu-
tions is not meaningful because there are no boundary
conditions available in this case.

3. Results

A reasonably good coverage of our problem is
achieved by selecting forcing areas in midlatitudes, the
polar caps, and in the Tropics.

a. Lower stratosphere at midlatitudes

The forcing area in case M, covers the domain 27°N
= ¢ = 63°N, 11 km = z = 14 km in the lower strato-
sphere (I, = 14,1, =17;J, = 12,J, = 15; see also Table
1). This size of the forcing area is similar to that speci-
fied in Holton et al. (1995). The autocovariance func-
tion C(Gp, Gp|r) for this domain is displayed in Fig. 1.
There is a sharp peak of 46 Ha”? amplitude at 7 = 0. The
first zero crossing occurs at a lag ~5 days but there is a
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TABLE 1. List of cases discussed in the text. The widths (depths)
of the forcing domains are given in the second (third) column.

Case Forcing domain

M, 27°N = ¢ = 63°N 11=z=14km
M, 27°N = ¢ = 63°N 14 =z=17km
M, 27°N = ¢ = 36°N 17=z=20km
M, 63°S = ¢ =27°S 11=z=17km
P, 63°N = ¢ = 90°N 11=z=14km
T, —18°S = ¢ = 18°N 13=z=16km

small secondary maximum for lag 7 = 17 days. Thus,
strong events of convergence are short lived, but there
appears to exist also a class of weak long-term events.

The response is not restricted to the forcing area
even at 7 = 0 (Fig. 2a) but extends to the surface with
a maximum near the ground and another one in the
forcing area F. The reaction is slightly stronger for posi-
tive lags of a few days. The covariance field C(Gp, 1| 7)
for 7 = 4 days (Fig. 2b) differs relatively little from that
at 7 = 0. To facilitate the discussion we assume in the
following that G is positive at 7 = 0. The patterns in
Fig. 2 is quasibarotropic with positive values of fi in the
forcing area and underneath and negative values in the
south. Obviously, angular momentum is transported
out of the southern belts and deposited in the north
during the forcing events. These transports extend well
into the stratosphere. This pattern is fairly long lived
when compared to the decay of G in Fig. 1. The basic
features of this pattern are seen even for r = —8 days
but amplitudes are just one-third of those in Fig. 2.

50 -

10 20
7 [days]

FIG. 1. Autocovariance function of G, in Ha? (1 Hadley = 1 Ha
= 10" kg m? s~ ?) for the forcing area 27°N = ¢ =< 63°N, 11 km =
z=14km (I, =14,1,=17,J, = 12,J, = 18) of M, as a function
of lag 7 in days.
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FIG. 2. Covariance function C(Gp, ji|7) in Ha? s ' at lag (a) 7 =

0 days and (b) 7 = 4 days in M,. Negative values dashed. The
rectangle marks the forcing area. Contour interval is 10° Ha® s,

Figure 2 suggests strongly that the forcing G is part of
a large-scale convergence of angular momentum due to
the convergence of eddy momentum transports. Corre-
sponding analyses by Feldstein and Lee (1998), Lorenz
and Hartmann (2001), and many others demonstrated
that these convergences have a quasibarotropic struc-
ture extending from the ground to the lower strato-
sphere and an autocovariance of similar shape to what
is seen in Fig. 1. Indeed, the pattern of C(G D, |1) at
7= 0 (not shown) is fairly similar to that in Fig. 2 except
for the sign, of course. The covariance C(G D,,|7) is
also negative in the forcing area and below (not shown)
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at 7 = 0, so that the meridional mass transport is posi-
tive near the forcing area [see (1.15), (1.16), and the
related discussion] in contrast to what would be ex-
pected from (1.1). This pattern decays, however, as
quickly with lag as the forcing.

HO1 predict the onset of negative torques for positive
G some time after the forcing has been switched on.
That makes good sense because the forcing accelerates
the atmosphere. Surface friction will eventually slow
down the circulation, that is, a negative torque will be
exerted. The covariance of G with the global torque T
is indeed rapidly decreasing for —1 < 7 < 6 days (Fig.
3), but the resulting covariances are as large as ~10 Ha?
and, of course, cannot be totally explained by the action
in the forcing area. The following increase to large posi-
tive values may reflect the impact of the tropical
anomalies in Fig. 2.

The corresponding streamfunction and velocity po-
tential patterns are displayed in Figs. 4 and 5. There is
downward (upward) nondivergent flux of positive
(negative) angular momentum at T = 0 mainly below
the forcing area with ascending branches to the north
and south (Fig. 4). Three days before (not shown) the
cyclonic cell is centered in the forcing area but with just
one third of the amplitude in Fig. 4. Three days later the
fluxes are weaker but similar to those in Fig. 4. The
velocity potential at 7 = 0 (Fig. 5a) is dominated by
northward flow into the forcing domain and into the air
column below. The flux near the tropopause (z ~ 10-15
km) is positive. Given positive forcing the stratosphere
receives angular momentum. Torques do not contrib-
ute at that time, as can be seen from the orientation of
the isolines normal to the surface. Three days later (Fig.
5b), there is a maximum of y below the forcing domain
indicating a loss of stratospheric angular momentum in
F. There is a negative torque event with flux into the
ground. This event corresponds with the minimum in
Fig. 3.

The evaluation of fluxes across the tropopause is
fraught with uncertainties. The calculation of trajecto-
ries appears to be the most accurate method at the
moment (e.g., Wernli and Bourqui 2002). This method
is, however, not suited for angular momentum ex-
changes because angular momentum is not conserved
during particle transport. Instead, we choose an ex-
tremely simple procedure to estimate vertical trans-
ports near the tropopause. Assume again that G is
positive. The total upward flux through the surface z =
z; is then given by

1 - -
Fi (1) =5 2 [CGp Wygln) + 1C(Gr Wiyl DI]. - (3.1)
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FiG. 3. Covariance function C(G, T|r) of the forcing G, with the global torque in Ha® for
lags —15 = 7 = 15 days and for the three cases M, (bold), M, (dotted), and M; (dashed).

The corresponding negative flux F; is obtained by
changing the sign in (3.1). These fluxes are listed in
Table 2 for various levels and lags. There is a close
balance of positive and negative contributions so that
the sum of F* and F~ is of the order =10 Ha®. The
fluxes are largest in the troposphere and decrease
quickly with increasing height. To obtain a feeling for
the accelerations involved we have to recall that a
torque of 1 Ha has to act for about 100 days to increase
the factor u, in globally superrotating zonal flow u,
cosg by 1 ms~!. Figure 1 tells us that the standard
deviation of Gis ~7 Ha. Thus, if a value of F* of 200
Ha? is maintained for 2 days that implies an accelera-
tion of a stratospheric superrotation by ~6 ms™! dur-
ing that time assuming that the stratospheric mass is
one tenth of the total mass of the atmosphere. How-
ever, most of this flux does not affect the angular mo-
mentum of the stratosphere but is nondivergent. It is,
perhaps, more relevant to estimate that part of the flux
that really alters the angular momentum of the strato-
sphere. In that case,

+ s _ -
¢j+(1/2)(7') TH < [C(Gp, (Xij+l Xij) + IXij+l Xij|)|7]
(3.2)

is the corresponding quantity. Table 3 shows that all
belts contribute to ¢ at lag 7 = 0 with maximum values

of 6 Ha? near z ~ 14 km. That means that the total
stratosphere would experience an increase of u, by 1
m s~ ! if this forcing would continue for 10 days. How-
ever, as can be seen from Table 3 negative contri-
butions begin to dominate after 3 days. This finding

20

10

30°S

60°N

Eq

FIG. 4. Streamfunction ¢ in Ha® at lag 7 = 0 in M,; contour
interval 1 Ha® negative values dashed. Rectangle: forcing domain F.

30°N
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M |
30°N

1 !
30°S Eq 60°N

90°N
30°S Eq 30°N 60°N 90°N

FIG. 5. Velocity potential ¥ in Ha? for G as prescribed in M;;
(a) lag 7 = 0; (b) lag 7 = 3 days. Negative values dashed; contour
interval 1 Ha®. Rectangle: forcing domain F.

reflects the rapid change of the y field with lag (see
Figs. 5a,b). As can be seen from Fig. 5, however, the
domains of strong flux convergence constitute only a
small part of the stratosphere. Effects on the local dis-
tribution of angular momentum are correspondingly
larger.

A shift in the forcing area F to larger heights does not
result in dramatic changes. The overall structure of the
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TABLE 2. Total positive and negative vertical flux covariance
F}(7) and F; (7) in Ha” for various lags in at the levels indicated
in the first column in M;; heights z in km.

7 (days) —4 -2 0 2 4

z=9 75/=76  92/-94  240/-245  76/=76  33/-32
z=10 58/—59  79/—-63  203/-210  68/—72  27/-27
z=11 37/-39  41/—47  150/—162  57/-63  26/—27
z=12 24/-27  25/-31 97/—110  42/—48  22/-24
z=13 17/=20  15/-19 54/—64 26/-30  17/-18
z=14 12/-14 9/—11 27/-32 17/-19  13/-13

covariances changes little in M, where 14 = z = 17 km
but the amplitudes decrease. For example, the mini-
mum of the covariance of the global torque and G is
just —4 Ha? in this case but there are still positive val-
ues for 7 = 10 days (Fig. 3). Note that there is no shift
of the occurrence of the minimum in time. One might
expect to see that the minimum is retarded in M, with
respect to M, because the response to the forcing has to
propagate longer to the ground. The absence of this
phenomenon indicates again that positive values of G
tend to be embedded in large flow structures and can-
not be considered in isolation. The links between
stratosphere and troposphere become rather weak
when the heights J,, = 17, J, = 20 are chosen for the
forcing area (M;). There is almost no torque in M,
(Fig. 3).

An application of a low-pass-filter-retaining oscilla-
tions with periods =10 days does not result in funda-
mental changes. For example, the ¢ field at 7 = 0 has a
dipole structure similar to that in Fig. 4. The y pattern
at 7 = 0 is smoother than in Fig. 5a but is otherwise
similar.

The analysis for that domain in the Southern Hemi-
sphere (63°S = ¢ = 27°S; 11 km = z = 14 km; M, that
corresponds to M, gives fairly similar results. For ex-
ample, the covariance pattern in Fig. 2, when mirrored
at the equator, comes quite close to that obtained in M,
except that the minimum there is —6 Ha? The i field at
7 = 0 has the same double structure as seen in Fig. 4

TABLE 3. Total positive and negative vertical flux covariance
¢" (1), ¢~ (7) at the height levels as indicated in the first column in
M, for three lags.

7 (days) -3 0 3

z=285 0.8-0.0 1.2-0.0 1.8-0.4
z=95 1.1-0.0 2.8-0.0 1.3-0.5
z=10.5 1.3-0.0 4.4-0.0 0.9-0.8
z=11.11 1.2-0.0 5.6-0.0 0.6-1.0
z=125 0.9-0.0 6.3-0.0 0.5-1.3
z=135 0.7-0.0 6.3-0 04-1.3
z=145 0.5-0.0 5.8-0 0.3-1.1




OCTOBER 2005

with an anticyclonic cell in the south but amplitudes are
larger with a maximum (minimum) of 191 Ha? (—272
Ha?). The related flux covariances F*(7), ¢ (7) tend
also to be larger. For example, the maximum flux F *(0)
is now 380 Ha? and ¢ (0) is as large as 14 Ha”.

b. Polar stratosphere

The reaction of & to a shift of F to the latitudes
63°-90°N (I, = 14, I, = 17; P,) reminds us strongly of
Fig. 2 (not shown). Again there is this quasibarotropic
structure with increase of fi in the belts north of ~45°N
with decrease in the south. There is an anticyclonic
tropospheric cell extending from the equator to 63°N
with a weaker cyclonic cell underneath the forcing area
much the same as in Fig. 4. The only qualitative dissim-
ilarity is found for the x field at lag 7 = 3 days where the
surface friction is a source of angular momentum in the
polar region (Fig. 6). An upward displacement of F as
in M,, M; leads to the same result as at midlatitudes.
The reaction is the weaker the higher up the forcing
area. All this suggests that we are essentially looking at
the same type of events. The analysis for the polar cap
in the Southern Hemisphere yields fairly similar results
except that amplitudes tend to be larger.

c. Tropical troposphere and stratosphere

HO1 did not look at the situation in the Tropics. Nev-
ertheless, it is of interest to consider this region as well.
The forcing area F in the tropical case T, is located in
the upper tropical troposphere (see Table 1). The co-
variance C(Gy, —D,, —D,,) of forcing and flux con-
vergence is displayed in Fig. 7 for lag 7 = 0. It is seen
quite clearly that the concept of a local forcing makes
relatively good sense in this case. There is a well-
defined maximum of the convergence in the forcing
area with smaller values around although there are two
minima of smaller amplitude to the north and south
(small amplitude). The pattern changes little with lag
for | 7| < 10 days but maximum amplitudes are just =<0.5
Ha? for |7| = 8 days. The covariance C(Gp, fi|T) is
negative almost throughout the tropical troposphere
for 7 = 4 days but there is the growth of an equatorial
column of positive deviations of the angular momen-
tum with negative domains to the north and south. This
column is restricted to the lowest 3—4 km of the tropo-
sphere for 7 = —8 days to grow to a height of ~15 km
at 7 = 8 days (Fig. 8). Of course, this increase of [ is
caused by tropospheric flux convergences (see also Fig.
9). The related streamfunction s is symmetric with re-
spect to the equator with downward fluxes at the equa-
tor and upward fluxes to the north and south. The yx
field at 7 = 0 consists of a well-marked positive center
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FIG. 6. Velocity potential y in Ha® for G as prescribed in P; at

lag 7 = 3 days. Negative values dashes; contour interval 0.25 Ha?.
Rectangle: forcing domain F.

in the forcing area and negative values throughout the
lower troposphere (Fig. 9). There are two frictional
source regions. Note the relative maximum of y at the
equator at all heights. The same structure is seen 3 days

20
15}
10 I‘l Ssel _'II
0 0
5| x
m Il m 1
60°S 30°S E 30°N 60°N

FiG. 7. Covariance function C(G, —D,, —D,,|0) of forcing G
in Ha? in the forcing area 18°S = ¢ = 18°N, 13 km = z = 16 km
in Ha?*(T,). Negative values dashed; contour interval 1 Ha®. Rect-
angle: forcing domain F.
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FIG. 8. Covariance function C(G, f1|8) in T, in Ha®> s—'. Nega-
tive values dashed; forcing area marked by dashed rectangle; con-
tour interval 10 Ha® s~ '

later. The column of positive angular momentum in
Fig. 8 is clearly caused by the convergence of trans-
ports from both sides of the equator where the friction
torques act as sources. It is the negative anomalies of
in the subtropics (see Fig. 8) that induce these torques.
The flux ¢* is 4 Ha® at z = 8.5 km and lag 7 = 0 but
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FIG. 9. Covariance function ¥ in Ha? in T, at lag 7 = 0 days.
Negative values dashed; contour interval 0.1 Ha®. Rectangle: forc-
ing domain F.
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decreases rapidly with height to become negative at z =
14.5 km. In other words, the phenomenon we are look-
ing at is essentially tropospheric. The signals become
rather weak and diffuse if we move the forcing area
with 16 km = z = 19 km into the stratosphere. There is
still a growth of a tropospheric column of positive an-
gular momentum deviations but the amplitudes are less
than one tenth of those in Fig. 7. There are no distinct
cells in the ¢ field nor is there a clear maximum in the
x field.

4. Conclusions and discussion

Guided by the calculations of H91 an attempt has
been made to explore the mean flow response due to
upper-level forcing by angular momentum conver-
gence. The lower stratosphere has been chosen as the
location of the forcing area F because data quality there
appears to be sufficient for this purpose. H91, as well as
other authors, assume an idealized situation where the
forcing is due to breaking waves that are excited at a
distant location. Moreover, the forcing acts on the
mean flow only and is restricted to a certain domain.
The response to this forcing has been explored theoret-
ically by H91, Garcia and Boville (1994), Holton et al.
(1995), Song and Robinson (2004), and others. It must
be expected to occur in the atmosphere as well pro-
vided the assumptions of the theory are satisfied. It is
clear from the above, however, that this is not the case
for the forcing (1.11) due to flux convergence of the
wind term in the lower stratosphere. These forcing
events are quite short lived. It would be difficult to find
the flow evolution presented by H91 on such short
times. Moreover, we have been unable to find localized
forcing domains outside the Tropics. Instead the eddy
forcing in terms of angular momentum convergence
tends to extend from the lower stratosphere to the sur-
face (see also Limpasuvan and Hartmann 2000; Lorenz
and Hartmann 2001). Areas of positive forcing are al-
ways accompanied by neighboring domains of negative
forcing as required by the conservation of angular mo-
mentum. The i field related to such a forcing structure
is fairly persistent. It is dominated by downward trans-
ports of positive angular momentum at and below the
forcing domain with opposite transports to the north
and south. The y field is more variable in time and
describes a momentum flux into the forcing domain at
7 ~ 0. For 7 ~ 3 days, the role of surface torques be-
comes obvious. The forcing is better localized in the
upper tropical troposphere but can nevertheless not be
seen as an isolated event.

Our findings do not exclude the possibility that re-
sponses as predicted by H91 can be observed even in
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the troposphere and lower stratosphere. To detect
them, the forcing events would have to be stratified to
find events that satisfy the assumptions made in the
theories of downward control. As yet, corresponding
efforts were not successful. We must stress that we did
not look at forcing events above the lower stratosphere.
Steady-state aspects of the theory of H91 were ex-
cluded a priori. Conservation of angular momentum
implies that localized sources due to wave driving must
be balanced by sinks. This almost rules out strict local-
ization. Mountain torque events are perhaps an excep-
tion because angular momentum is transferred to the
atmosphere in that case. Waves may then transport the
angular momentum to the forcing region. Egger and
Hoinka (2004, 2005) demonstrated that the angular mo-
mentum transferred during mountain torque events is
mainly deposited in the troposphere and the lower
stratosphere.

It is a key result that the stratosphere receives angu-
lar momentum from the troposphere during these forc-
ing events provided G is positive. In principle, the an-
gular momentum added in F could result from the
stratosphere itself. However, our results show that a
substantial part of this angular momentum is substi-
tuted by fluxes from below. In other words, the forcing
events constitute events of stratosphere-troposphere
exchange with respect to angular momentum.

Acknowledgments. The comments by Y. Song, W.
Robinson, and two anonymous referees clearly helped
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