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[1] Results of a 100-year run of the Hadley Centre general circulation model are used to
compute monthly values of the three components of atmospheric torque on the Earth and
of the associated atmospheric angular momentum series. All these results are compared
with equivalent ones from the National Center for Environmental Prediction/National
Center for Atmospheric Research reanalyses for the overlap period since 1948. We find
some important differences; consequently, our results should be taken as an order of
magnitude of the effect. We also compute the effect of the atmosphere on length of day
(LOD) and polar motion by the use of both the torque and the angular momentum
approaches. We find comparable amplitude with both torque and angular momentum for
the polar motion; the axial torque, however, related to LOD, appears to be

unphysical. The excitation of long-period LOD variation is in phase with the observed
variation but much smaller. The low-frequency polar motion is only coherent with the
observation at certain particular periods.  INDEX TERMS: 1223 Geodesy and Gravity: Ocean/
Earth/atmosphere interactions (3339); 1239 Geodesy and Gravity: Rotational variations; 3339 Meteorology

and Atmospheric Dynamics: Ocean/atmosphere interactions (0312, 4504); KEYWORDS: Earth rotation,

atmosphere-Earth interaction
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1. Introduction

[2] The rotation of the Earth is not constant with time: the
rotation rate shows fluctuations over a broad range of
frequencies, causing variation of the length of day (LOD)
and of the direction of the rotation axis, whose motions are
both in the inertial frame (precession and nutation) and
within the Earth’s figure (polar motion).

[3] LOD fluctuations at interannual to subdiurnal fre-
quencies are mainly due to the interaction between the
Earth and its atmosphere. The oceans and other aspects of
hydrology contribute to a much lesser extent [see Marcus et
al., 1998; Chen et al., 2000]. At the decadal timescale,
additionally, interactions between the Earth’s core and
overlying mantle are considered to be the major cause of
LOD fluctuation; a high correlation between the LOD and
the first harmonics of the magnetic field time series exists at
those timescale [Ball et al., 1969]. The effects of the
atmosphere and ocean on the decadal fluctuations of the
LOD are small, though they may be related to cycles of total
solar irradiance [Abarca del Rio et al., 2000]. Overall, polar
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motion on the broad range of interannual to subdiurnal
frequencies may be attributed to the effect of the oceans
(about 60%, depending on the frequency) and of the
atmosphere (about 40%), as shown, for example, by Ponte
et al. [1998].

[4] At the decadal frequency the Markowitz mode (very
elliptical polar motion at long period, more than 25 years, of
about 35 milliarc seconds (mas)) is observed in polar
motion. At the present time, its causes are not identified.
Though it might be expected that the core-mantle interac-
tion could excite decadal polar motion, at present stage, this
effect cannot be properly determined.

[s] The evaluation of the overall atmospheric effect
depends on the availability and the quality of atmospheric
analysis. In the era prior to the direct availability of
atmospheric observations to assimilate into such analyzes,
global circulation models (GCMs) have been used to
simulate the atmosphere on the basis of boundary infor-
mation from the underlying surface of the atmosphere.
Here we use a set of results from a lengthy run covering
the twentieth century using the global circulation model
from the Hadley Centre, which is forced by global ice
conditions and sea surface temperature to evaluate the
effect of the atmosphere. Estimations of oceanic excita-
tions, similarly, depend on analyzes and models, though
there is very little in situ observations to drive an analysis
system.

[6] Classically, two different approaches are used to
evaluate the effect of a fluid layer on Earth rotation. In
the first approach, the so-called “angular momentum ap-
proach,” the solid Earth plus fluid layer system is consid-
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ered as isolated. Consequently, the angular momentum of
the system is conserved, and we have

stolid Earth - dHﬂuidlayer (1 )
dr e’

where H is the angular momentum vector. The angular
momentum of the fluid layer is computed from the motion
(wind and current) and mass (pressure and density) fields of
the fluid, from which the Earth rotation parameters are
directly inferred [e.g., Munk and McDonald, 1960]. The
angular momentum of the fluid layer is classically
decomposed into two parts, the matter and the motion term
corresponding to the portions associated with the fluid
layer’s rigid rotation and relative motion with respect to the
solid Earth, respectively.

[7] In the second, so-called torque, approach, the inter-
action torque between the fluid layer and the solid Earth is
computed from the GCM output. The effect on the Earth
rotation is evaluated dynamically from the torque:

dHgqj;
% = Fﬂuid]ayer7 (2)

where I is the total torque associated with the action of the
fluid layer on the solid Earth.

[8] The two approaches are linked by the angular mo-
mentum budget equation of the fluid layer, which is a direct
consequence of the action/reaction principle:

% = 7I‘ﬂuidlayer (3)
The two approaches are, in principle, equivalent, but the
torque and the angular momentum are computed indepen-
dently from different parameters within the model output.
Numerically, the approaches usually differ somewhat,
mainly in the axial component [see de Viron et al., 2001].
The discrepancy is usually blamed on the torques, as their
computation is more delicate than that of the angular
momentum.

[9] In section 2 we give some information about the model
used and the torque computation. In section 3 we test the
validity of the computation. In section 4 we will show the
relative magnitude of the different terms of the angular
momentum budget equation. Section 5 shows effects of
the atmosphere on Earth rotation and utilizes a wavelet
analysis to examine the temporal and frequency variability
of parameters, and section 6 is devoted to conclusions.

2. Data Used and Torque Computations

[10] In our study, we use a set of results from a run
throughout the twentieth century using the global circula-
tion model (GCM) from the UK Hadley Centre, forced by
sea surface temperatures and global ice conditions, to
evaluate the effect of the atmosphere. The model is
described by Rowell [1998], and results here are part of
efforts within the Climate of the 20th Century Project.
Monthly mean values of sea ice and sea surface temperature
during the period since February 1870 have been used as
boundary conditions to drive the model, which, like all such
models, is based on the equations of motion, energy, and
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continuity for the global atmosphere, including modeling
the physics of atmospheric moist processes. The atmospheric
model is allowed to run for this period, producing, among
other parameters, values of winds through the depth of the
atmosphere on a three- dimensional global grid and surface
pressures on a two-dimensional global grid, which are
the basis of the angular momentum excitation functions.
The model motion term of the axial atmospheric angular
momentum (AAM) was analyzed by Rosen and Salstein
[2000], who focused on the modulation of interannual
variability. Using these basic quantities and ancillary infor-
mation from the model, including its topography field,
excitations for angular momentum and values of torque
components are produced. We compare the Hadley Centre
model with the National Center for Environmental Predic-
tion/National Center for Atmospheric Research (NCEP/
NCAR) reanalysis [Kalnay et al., 1996], which in addition
to boundary forcing has assimilated the heterogeneous
variety of atmospheric data that were available since 1948
to form similar fields and from which we also compute the
angular momentum and torque values that we present here.

[11] From this model, we used 10 two-dimensional fields:
surface pressure, the local contribution to the atmospheric
angular momentum (AAM) (matter and motion terms for
three components), friction drag (two tangential compo-
nents), and the constant topography. All the time-varying
fields are provided every month between 1870 and 1998.

[12] The torque is computed as by de Viron et al. [2001]:
three torques have been considered, a mountain torque
acting on the topography, a gravitational torque due to the
interaction between the mass in the atmosphere and in the
Earth, and a friction torque. Of the gravitational torque, only
the part associated with the Earth form factor (J,) is
computed. As the topography is given with respect to the
geoid, the non-J, part is already included in the mountain
torque. As explained by Bell [1994], the mountain torque
acting on the Earth bulge is proportional to the gravitational
torque on .J,, and we have

I'y= Fpressureﬂbulge + Pgravitationa]; =QA Hmatter» (4)
where €2 is the Earth’s mean rotation vector.

[13] The remaining part of the mountain torque is com-
puted using

L dno.N) cos A cos
— 2 . ! i
T=a //P o6 dx sm)\.cose
—sin6
dh(0, X\
+—(dé) — COS A sin 6 dd d\, (5)

0

where 0 is the colatitude, X is the longitude, (6, \) is the
topography, P is the surface pressure, and a is the Earth
mean radius. The friction torque is simply computed by
integrating the cross product of the position vector and the
local friction drag on the Earth’s surface.

3. Torque and AAM Testing

[14] In order to test the quality of the torque and angular
momentum computations, three different methods can be
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Figure 1. Time series (with a composite seasonal cycle removed, smoothed with a 1-year window and

detrended) of the two components of the angular momentum, for the Hadley Centre model (black) and

the NCEP reanalysis (gray).

used: (1) the momentum quantities can be compared with
the equivalent observed Earth rotation parameter, (2) the
computation can be compared with those from another
model, and (3) the angular momentum budget equation of
the fluid can be tested by using equation (3).

[15] Method 1 is not appropriate here because the dy-
namic effects are not limited to atmosphere-Earth interac-
tions for many timescales of interest here. For LOD the
effect of the core is thought to be much larger, but its value
is not known with a sufficient precision to allow residual
computation [see Ponsar et al., 2003]. For polar motion the
ocean effect is not known for such a long timescale, and it is
at least as comparable to the atmospheric effect as for higher
frequencies. The contribution of the core for polar motion
may, moreover, be important, though its level is currently
unknown. The impact of postglacial rebound effect on the
mass distribution may have an impact at the lower frequen-
cies as well. Nevertheless, the comparisons between the
contributions of the atmosphere and solid Earth are valuable

for the purposes of verifying that the order of magnitude is
not too large.

[16] The time series (with a composite seasonal cycle
removed, smoothed with a 1-year window and detrended) of
the two components of the angular momentum for the
Hadley Centre model (black) and the NCEP reanalysis
(gray) are given in Figure 1. The series are overall not
similar for the two models, mostly for the matter term, but
the correlation is high during some episodes. The best
correlation is for the axial term and to a lesser extent
X wind term. Figure 2 shows a similar comparison for the
torque time series. The two model results are uncorrelated
for the mountain torque along the Y component, though
the friction torque does show a fair correlation. For the
X component, there is a slight correlation between the
results from the two models, a bit better for the mountain
torque than for the friction torque. The axial torque corre-
lation is better than that of the equatorial torque. Table 1
gives the correlation coefficients between the series,
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Figure 2. Time series (with a composite seasonal cycle removed, smoothed with a 1-year window and
detrended) of the two components of the atmospheric torque, for the Hadley Centre model (black) and the

NCEP reanalysis (gray).

together with an estimate of the significance of the coef-
ficients. It can be seen that the correlation at the 90% level
(or better) is reached for 7 out of 12 series. Globally, the
local torques have higher correlations than the angular
momentum, especially than the matter term. This result
makes modeling the equatorial component difficult, as most
of its signal derives from the ellipsoidal torque which is
proportional to that term. For the Z component the wind
term is the dominant one, and its good results are reassuring.

[17] Figure 3 shows the angular momentum budget
(torque and AAM time derivative) for all three compo-
nents, smoothed in a 40-month window. As explained by
de Viron and Dehant [2003], the test is not rigorous
enough for the equatorial component if the ellipsoidal
effect is kept in the budget, as a common term in both
sides of the equations (3) dominates at the 90—95% level
(as can be seen from the comparison between Figures 3
(left) and 3 (right)). For the X component the budget is
very nearly closed both with and without the ellipsoidal
effect. Conversely, for the ¥ component, only the budget

with the ellipsoidal effect is verified. This result is not
surprising at all, as the mountain torque, which accounts
for a larger part of the nonellipsoidal equatorial torque [see
de Viron et al., 2001], is not very accurate as shown by the
correlation with the NCEP values. Note that the correlation
only considered the end of the data set, when the quality
of the AAM budget improves. The budget for the axial
component is out of balance; the torque shows low-

Table 1. Correlation Coefficient Between AAM and Torque From
the NCEP and HADLEY Models

X Y Z
Mountain torque 0.46" 0.16 0.46"
Friction torque 0.41% 0.43% 0.24
Matter AAM —0.05 0.02 —0.08
Wind AAM 0.44* 0.42° 0.76°

!Coefficient is significant at the 90% level.
PCoefficient is significant at the 95% level.
“Coefficient is significant at the 99% level.
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Figure 3. Angular momentum budget (torque and AAM time derivative) for the three components,

smoothed with a 40-month window.

frequency variations that do not appear in the AAM time
derivative and are likely spurious. To summarize the
testing results, we can be most confident about the axial
AAM, but the other results needed to be considered more
cautiously, so that only an order of magnitude consider-
ation should be inferred here.

4. Results
4.1. Relative Magnitude of the Considered Effect

[18] Figure 4 shows the different torques, with relative
magnitudes, normalized so that the sum is 1, for the
Hadley Centre model (solid line) and for the NCEP
reanalysis (dotted line) for periods ranging from 0 to
60 years. As expected from previous studies [e.g., Bell,
1994], the equatorial component is dominated within the
whole frequency range by the ellipsoidal torque (associat-
ed with the bulge). The mountain and friction torques
contribute to a comparable extent to the equatorial com-
ponents, the mountain torque being slightly larger at
periods smaller than about 10 years. Note that at periods

between 5 and 6 years, there is a particular period
(different for X and Y) at which the relative magnitude
of the ellipsoidal torque is not as dominant as elsewhere.
In the axial component, mountain and friction torques
contribute similarly to the total, alternating with relative
significance at different frequencies.

[19] The relative importance of the torques is also differ-
ent, though some similarities can be observed between the
results from the Hadley Centre model and the NCEP/NCAR
reanalyses and particularly for the axial component. At low
frequency the relative importance of the mountain torque is
larger within the NCEP reanalyses. Of course, this result is
only an indication because the time considered in each case
is different for each series.

[20] Figure 5 shows the same results for the matter and
wind terms of angular momentum. It can be observed that
for a period smaller than 10 years the data sets have
comparable results. For a period longer than 10 years,
results from the Hadley Centre and NCEP are in disagree-
ment for both the torques and angular momentum. As
expected, the equatorial components are dominated by the
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Figure 4. Relative magnitude (normalized such that the sum is 1) of the different torques for the Hadley
Centre model (solid line) and for the NCEP reanalysis (dotted line) as a function of the period (year).

mass term, and the zonal component is dominated by the
wind term.

4.2. Effect of the Atmosphere on the Low-Frequency
LOD
4.2.1. Long-Period Atmospheric Excitation of the LOD
[21] At seasonal scale the variations of the Earth rotation
rate, LOD, are more than 95% accounted for by the axial
AAM. Nevertheless, the origin of the longer-period oscil-
lations, as, for instance, between 12 and 15 years, has not
been firmly identified. Besides the electromagnetic coupling
between the bottom layer of the mantle and the fluid core,
there may be atmospheric effects associated with a solar
influence at the 11-year scale. Such have been investigated
by Abarca del Rio et al. [2003] including modulations of
shorter-period signals. The present quality of the core
angular momentum series [see Ponsar et al., 2003] shows
that the core seems to be the largest contributor, but it does
not rule out an atmospheric and/or oceanic effect. Informa-
tion from AAM at this band is suggestive, but that derived
from the torques are more difficult about which to make
conclusions and so will not be treated here.

[22] Let ALOD be the variation of the mean solar day
with respect to the nominal value LOD = 86,400 s Temps
Atomique International (TAI), let H3 be axial AAM, split in
the matter term H3' and the wind term H3'. By taking into
account the increment of inertia of the solid Earth induced
by the atmospheric loading, the axial part of the linearized
Euler-Liouville equations provides [Barnes et al., 1983]

ALOD  0.70H" + HY
LOD cQ ’

(6)

where C is the axial moment of inertia of the Earth (value
recommended by the International Association of Geodesy
in 1999 is C = 8.0365(2) x 10*” kg m?).

[23] The left-hand side of equation (6) is the axial
geodetic excitation:

¢ ALOD
X3 = op

and the right-hand side is the axial atmospheric excitation
A
X3-
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Figure 5. Relative magnitude (normalized such that the sum is 1) of the matter/wind terms of the AAM
for the Hadley Centre model (solid line) and for the NCEP reanalysis (dotted line) as a function of the

period (year).

[24] When the axial atmospheric torque I'; is considered
instead of axial AAM, the atmospheric excitation function
has to be reconstructed by integration:

t

r
At:K—/—3dt 7
X3() o cO ’ ()

where K is an unknown integration constant.

[25] For the LOD data we have considered the yearly
combined time series computed by R. Gross (Jet Propulsion
Laboratory), ranging from 1832 to 1998 and available on
the Web site of the International Earth Rotation Service
(IERS) Earth Orientation Center (http://hpiers.obspm.fr/
eop-pc/products/longterm/longterm.html). This series
presents typical accuracy of 0.5 ms in 1870, 0.3 in the
1950s, 0.1 ms from 1960 to 1980, and, thanks to the break
through of VLBI, around 0.02 ms in the 1990s. By dividing
these quantities by 86,400,000 ms, they also give estimates
of the uncertainty for axial excitation function in radians:
5 x 107 rad in 1870 and a fortiori smaller after, that is,

much less than the uncertainty spoiling atmospheric angular
momentum function. Note that the LOD data have been
interpolated at the dates of the atmospheric data.

[26] Correlation by frequency band is quantified by the
coherence function, displayed in Figure 6 for the axial
excitation between 2 years (0.5 cycles per year (cpy)) and
25 years (0.04 cpy) (geodetic/AAM-geodetic/torque). The
coherence for subdecadal periods is irregular. On the other
hand, significant levels of coherence, above 0.5, are reached
for decadal variations, more exactly in the bands [9—12]
years, [13—23] years, but there is lack of atmospheric
power except for 10 years (AAM power 0.25%3) and 13—
14 years (AAM power 0.23). A more accurate comparison
is obtained by fitting a 14-year sinusoidal component in the
LOD and the corresponding atmospheric contribution. Over
the epoch 1870—1997, the 14-year component of the LOD
(2.6 ms) would be partly accounted by the atmosphere up to
0.6 ms, that is, 20% of the power in LOD at this period
(phases of which are consistent as expected from the
coherent analysis above). Additionally, we found an ob-
servable secular effect in the LOD, at the level of 80 ps/
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spectral amplitudes. The case of the axial torque is not displayed because its strong variability is suspect.

century, which is nevertheless much smaller than the
observation (see Table 2).

[27] This lack of power is not surprising, as it is expected
that the low-frequency LOD variation are dominated by the
core/mantle interaction effect. More surprising is the coher-
ence between the two series. This may be related to some
already documented facts: Lambeck and Cazenave [1976]
noted the connection between global temperature and LOD,
and Raisanen [2003] showed that there is a correlation
between the global mean pole-to-equator temperature gra-
dient and global AAM, though with an amplitude about 1
order of magnitude too small to explain the decadal LOD
variation. Those bits of information, together, imply that the
AAM would be coherent with the low-frequency LOD but
with a power much too small.

4.2.2. Time-Variable Atmospheric Excitation of
the Low-Frequency LOD

[28] Wavelet analysis is now a well-accepted tool allow-
ing the investigation of the time-variable frequency content
of a time series. Some theoretical and technical consider-
ations are given in Appendix A. We applied this analysis to
the axial atmospheric torque and angular momentum. We
used a mother wavelet of the Morlet type. A first application
of this analysis on data time series equally spaced at
I-month interval did not show any unexpected feature at
any component besides the very well known annual contri-
bution. Although, in the case of the axial component

the contribution at half a year and shorter periods appears
as significant. The scales can be associated with a cor-
responding frequency. Adopting wy = 6 for Morlet wavelet
(see equation (Al)), the frequency(s) is approximately equal
to the Fourier period (P) (P = 1.03 s). The choice of the
factor “width” (see equation (A2)) depends on the width
in the spectral space of the wavelet function. The largest
width we could use for Morlet wavelet, still keeping an
adequate sampling in space, is 0.5. The smaller the width
factor, the smaller the resolution. We pick out a width factor
of 0.1, given thus a maximum of 61 scales from 2 years to
128 years. (according to expression (A2)) For this analysis
we only plot 41 scales from 2 to 32 years.

[29] Figure 7 shows the wavelet analysis for the axial
AAM. Values in wavelet power spectrum are normalized by
1/62, where o is the data time series variance. In order to test
the robustness of our results we investigate the significance of
the peaks with respect to a peak coming from the random error
on the computed/modeled quantities. In that sense, only local
peaks above the 95% confidence interval will be considered.

Table 2. Secular Effect on the Polar Drift and Length of Day

X, mas/century y, mas/century LOD, mas/century

AAM -7 =5 0.08
Torque -9 —6 too strong
Observed 134 —267 1.80
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Figure 7. Wavelet transform of the axial torque (a) Component of the total torque time series.
(b) Wavelet power spectrum using Morlet as mother wavelet. The black contour is the 95% confidence
level. (c) Global wavelet spectrum for the component of the total torque.

[30] Regarding Figure 7, only the contribution with
periods shorter than 5 years appears to be significant.
Particularly, it is not surprising to find a significative
contribution at El Nifio frequency band. It is an additional
confirmation of the good correlation between the axial
component of the friction and mountain torques and El
Nifio-Southern Oscillation cycle [de Viron et al., 1999].

[31] Considering longer-period variations, the time vari-
ability of the low-frequency atmospheric contribution to
LOD is less than globally significant. Similar conclusions
can be drawn for the wavelet spectrum of the axial torque
(not shown), very similar to the axial torque wavelet
spectrum.

4.3. Effect of the Atmosphere on the Polar Motion

4.3.1. Long-Period Atmospheric Excitation of the
Polar Motion

[32] The motion of the rotation axis in the plane tangen-
tial to the north pole is driven mostly by exchanges of
equatorial angular momentum between the atmosphere, the
oceans, and the solid Earth, especially at seasonal periods.
However, the atmospheric effect at periods larger than
10 years remains not well characterized. Our 130-year-long
AAM and torque series allow us to investigate those
periods. As explained in section 3, the torque and AAM
approach give exactly the same excitation at low frequency
because of the dominant ellipsoidal effect. Consequently,
only the results from the AAM are shown here.

[33] The most common and easiest way for investigating
the problem is to compare the atmospheric excitation
(torque/AAM) to the total excitation derived from the
observed polar motion. In particular, this method allows

us to get rid of the Chandler wobble resonance in the signal
as follows.

[34] Let x, and —y, be the coordinates of the celestial
intermediate pole in the terrestrial frame, and let us define
the complex-valued quantity p = x,, — iy,. Notice that p also
represents the terrestrial coordinates of the rotation axis at
the timescale considered in this study. Let H = H, + i H, be
the equatorial components of the AAM, split into the matter
term H™ and the motion term H".

[35] For periods longer than a few days the angular
momentum balance, applied to the system constituted by
the fluid layer and the solid Earth and expressed in the
terrestrial frame, gives, to first order, the linearized Euler-
Liouville equation. Then by assuming an elastic mantle
decoupled from the fluid core, we obtain the following
differential equation for the polar motion [Brzezinski, 1994]:

i dp  H"+143H" o
aa_ (Cm_Am)97 ()
where o, = ao(l + i/2Q) is the complex-valued frequency
of the Chandler wobble, known as a damping process of
frequency oy = 0.8435 cycle per year (cpy), and quality
factor O = 179 according to Wilson and Vicente [1990]. The
chosen value is not important for our study, as we focus on
long timescales. C,, and 4,, are the axial and the equatorial
moments, respectively, of inertia of the mantle (values
recommended by the International Association of Geodesy in
1999: C,,=7.0400 x 10*” kgm?, 4,,=7.0165 x 10°" kg m?).
Q is the mean value of the Earth angular velocity as
adopted in the IERS numerical standards: 2 =7.2921150 x
107> rad s .
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Figure 8.
(top) ratio of the spectral amplitude.

[36] The left-hand side of equation (8) is the equatorial
geodetic excitation

G i dp
= =, 9
X=pt oy, )

The right-hand side of expression (8) constitutes the
equatorial atmospheric excitation:

4 H™ 41430

=G A (10)

X

When atmospheric torque I' = I'y + i I', is considered
instead of AAM, the equatorial atmospheric excitation
function to be used is

1.13I' — 0.136I" 11
X7 = i( E)AQGM (11)

where A is the equatorial moment of inertia of the Earth
(value recommended by the International Association of

(bottom) Coherence between equatorial atmospheric and geodetic excitation functions and

Geodesy in 1999: 4 = 8.0101 x 10°7 kg m?). I'y is the
component of the atmospheric torque associated with the
ellipsoidal shape of the Earth (pressure and gravitational
effects). This expression can been derived from theore-
tical considerations exposed by de Viron [1999] and has
been already applied for computing the atmospheric effect
on polar motion [Bizouard et al., 1999] from torque
series.

[37] For the polar motion (PM) data we have considered
the combined time series CO1, sampled at 0.05 year interval,
produced by the IERS Earth Orientation Center (http://
hpiers.obspm.fr/eop-pc/products/combined/eopcomb.html).
Typical accuracy is 80 mas in 1870, 20 mas from 1900,
10 mas from 1960, and 0.2 mas from 1980. After interpo-
lation at the dates of the atmospheric data, geodetic equa-
torial excitation is computed by taking discrete second order
approximation of the PM time derivative. The expected
accuracy follows the PM ones.

[38] The relationship between series at different frequency
bands is quantified by the coherence function, displayed in
Figure 8, from 2 years (0.5 cpy) to 25 years (0.04 cpy)
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Table 3. Frequency Bands or Peaks Where the Coherence
Between Observed Equatorial Excitation and Atmospheric Excita-
tion is Significative (Above 0.5)*

IXal/IXdl
1 2-3 4-6 >9

Prograde 2-2.1y 3.1y 3.7-4.7y

23-24y 5.3y

2.7y 10.7y
Retrograde —2.2y —3.3y

—2.6y —4.6y

—5.3y

*We give the approximative ratio of their amplitude |x_4|/|Xc|-

(geodetic/AAM to geodetic/torque). Below 20 years, sig-
nificative coherence (above 0.5) as well as satisfactory
agreement in power (above 0.5) are noticable for a number
of periods, as shown in Table 3. According to our results the
atmospheric effect on the slow polar motion is very small at
periods longer than 10 years, at the level of a few milliarc
seconds.

[39] The least squares fit of the same harmonics in polar
motion reveals fluctuations at least 3/4 times larger and is
out of phase. Consequently, even if we cannot explain the
Markowitz wobble from the Earth-atmosphere excitation,
we show that very slow polar motion variations can be
excited by the atmosphere dynamics above the precision
level of the observation (see Table 2). Additionally, as we
mentioned, the conclusion from this study is more qualita-
tive than quantitative: As the order of magnitude of the
atmospheric excitation is close to the right order of magni-
tude, we cannot rule out an excitation of the Markowitz
wobble by the atmosphere.

a)
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4.3.2. Time-Variable Atmospheric Excitation of
the Low-Frequency Polar Motion

[40] Again, we investigate any significant time-variable
low-frequency atmospheric excitation of the polar motion.
Figures 9 and 10 show the wavelet analysis for the equa-
torial components of the total atmospheric torque (mountain
plus friction plus elliptical), normalized by 1/0°, where o is
the data time series variance.

[41] As for the axial component, only contributions with
periods shorter than 5 years appear to be substantial.
Considering decadal and longer-period variations, the total
torque contributions are again not significant. Despite the
fact that a local wavelet power spectrum peak exists at 12—
15 years for the equatorial components, it is not significant:
in the plot of the x component of the torque, the peak (12—
15 years) is significant (local and global wavelet power
spectrum), but in the case of the y component of the
equatorial torque the peak is significant locally but less
than significant globally. Furthermore, the possible contri-
bution to the Markowitz wobble is below the cone of
influence. So that, contaminated by the edge effect, this
local spike is not significant at all and is undistinguishable
from a random noise feature, results that support those of
section 4.2.

5. Conclusion

[42] Pressure and friction drag and wind data simulated
by a meteorological model of the Hadley Centre have
allowed us to compute a 130-year-long time series of
atmospheric angular momentum and torque that relate to
polar motion and LOD variations. The quality of the series

Total Torque
o

=2+

-3 L L L
b) 1880 1920 1940

FS
T

Period (years)
[+:]

L
1900

4 1 .25 07 .02

1
1980

Power ("2)

.004 .0009 .0004

Figure 9. Wavelet transform of the equatorial torque (x component) (a) Component of the total torque
time series. (b) Wavelet power spectrum using Morlet as mother wavelet. The black contour is the 95%
confidence level. (c) Global wavelet spectrum for the component of the total torque.
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Figure 10. Wavelet transform of the equatorial torque (y components). (a) Component of the total
torque time series. (b) Wavelet power spectrum using Morlet as mother wavelet. The black contour is the
95% confidence level. (c) Global wavelet spectrum for the component of the total torque.

has been tested from comparisons with assimilated AAM
series on overlapping spans (1948—1997). Whereas equa-
torial components appear to be more difficult to model,
axial AAM seems reliable.

[43] Globally, the simulated atmospheric excitation does
not account for the long-term irregularities of the Earth’s
rotation (with those longer than 10 years), but we noted a
secular increase of the length of day by about 5% of the
observed rate, a polar drift of 10 mas/century in the
direction 146°W (the observed drift is 331 mas/century
toward 76°W [see Schuh et al., 2001]), as well as decadal
variation of polar motion (10 years). According to our
results the atmospheric excitation of the Markowitz wobble
is not sufficient to explain the observations.

[44] However, we notice that the decadal variation in
axial atmospheric excitation is strongly coherent with that of
the LOD and accounts for 20% of the amplitude of the 13—
14 years harmonic in LOD. Subdecadal variability in the
axial AAM results shows increased variability in recent
years. Moreover the PM should be excited at the level of 2—
3 mas at 25 cpy and —20 cpy.

[45] Because of the results are based on simulations
driven by a model dynamics whose boundary conditions
are the records of sea surface temperature throughout the
century, results may depend on the data sets used to drive
them and the natural variability of the model. Indeed, Rosen
and Salstein [2000], who reported on multiple runs of this
type of model, noted a considerable spread of such quan-
tities. Long-term oceanic effects have to also be investigated,
and we may be able to do so using coupled atmosphere-
ocean models.

Appendix A: Time Series Analysis

[46] Contrary to the classical Fourier transform, the most
important feature of the wavelet analysis is the detection of
the time-varying amplitudes and frequencies. We used a
mother wavelet of the Morlet type, obtained by shifting a
Gaussian function in the Fourier space. For geophysical
applications it is useful to adopt the complex-valued Morlet
wavelet function

Y(t) = w14 (ef"“’"’ —e! ‘“’5/2>eft2/2, (A1)

where in practice, w, often takes wg =5 [Daubechies, 1992].
For this value the second term in the former equation is so
small that it can be neglected.

[47] In choosing Morlet as the mother wavelet, we con-
sidered the following factors: (1) the Morlet wavelet is
nonorthogonal and has been used quite often in analysis of
geophysical processes where smooth variations are normally
expected [Foufula-Georgiou and Kumar, 1994], (2) it is
complex, ensuring that we will be able to recover informa-
tion about both amplitude and phase; and (3) looking for a
better resolution in time, we chose a narrow function.

[48] The width of the Morlet wavelet was calculated
linked to the choice of a set of scales. According to Torrence
and Compo [1998] the desired scales are given by

scales; = Spin2 ™90 (A2)
where j = 0, 1, ..., logo(NAt/s i)/ width and s,;, refers to
the lowest scale we can show in a graphical interface. The
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time series is padded with zeroes in order to bring the total
length up to the next higher power of two. N is the total
number of points after the zero padding. Usually, s, is
selected as 2At¢, where At is the time spacing of data.

[49] To test the significance of the wavelet results, we
show the global wavelet (GW) spectrum in our wavelet
plots. The GW spectrum refers to the time average over all
the local wavelet spectra [ Torrence and Compo, 1998]. This
quantity is showed as an indicator of the background
spectrum, against which the local peaks could be compared.
In that sense, only local peaks above the 95% confidence
interval will be considered. To determine the significance
levels, it is necessary to make assumptions about the
background spectrum.

[s0] We assumed that the total atmospheric torque error
possesses a red noise spectrum that decreases in amplitude
with increasing frequency. Hasselmann [1976] demonstrated
that a first-order autoregressive process (AR1) is enough to
explain the response to a climate system to random forcing,
representative of such a red noise spectrum. Let x an
autoregressive process of order 1 with coefficient p, thus
[Kim and North, 1998, p. 19]

x(t) = p x(ti-1) + €(t), (A3)
where € refers to a Gaussian white noise with zero mean and
variance o2, The average autocorrelation coefficient (p) can
be expressed in function of the characteristic time scale of
the AR process (T) [Schultz and Mudelsee, 2002]

(ty —1)/(N - 1)

p=e&Xp|——— |

: (A4)

where N refers to the total number of points. We applied the
TAUEST program [Mudelsee, 2002] in order to determine T
and thus p for each of the three components of the total
atmospheric torque. The respective average autocorrelation
coefficients for the total atmospheric torque components are
0.80, 0.55, and 0.69.

[s1] The appropriateness of the AR1 parameters thus
determined was checked by testing the equality of the
power spectrum corresponding to the theoretical autoregres-
sive process and the estimate spectrum of each data time
series in the interval [0, f\yq]. Such a check was performed
using nonparametric run test from the REDFIT program
[Schultz and Mudelsee, 2002, p. 423]. Thus characterized,
the respective red noise spectra was used to establish the
null hypothesis for the significance level of a given peak in
the GW spectra.

[52] The level of significance for a given peak of the
wavelet spectrum is considered with respect to a back-
ground spectrum (Pg). The Py is the normalized (by the
variance) Fourier power spectrum of the theoretical AR1
process. Thus, once Py is known and the 95% confidence
level for a Morlet mother wavelet is chosen, it is possible to
calculate the 95% confidence contour limits at each scale as
[Torrence and Compo, 1998]

1

5 BX%' (AS)
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