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[1] The use of Earth-atmosphere interaction torques is a potential but generally less
addressed alternative to the classical angular momentum approach for modeling variations
in Earth rotation. We present an update on this subject for the purpose of explaining
seasonal and intraseasonal polar motion variability based on the output of the most recent
meteorological reanalysis systems of the ECMWF (European Centre for Medium-Range
Weather Forecasts) and NASA’s Global Modeling and Assimilation Ofﬁce. The
agreement of both models in terms of the three prime torque constituents is shown to be
far superior to that of the conventionally deployed wind term of atmospheric angular
momentum (AAM). A sufﬁciently good closure of the equatorial AAM budget equation
within the ECMWF reanalysis provides additional endorsement for the use of atmospheric
torques as excitation measures. When used as such, polar motion residuals after reduction
of the AAM pressure term, as well as oceanic and hydrological excitation, are
considerably better modeled by the torque-based quantities than by the standard wind term
of AAM, in particular at intraseasonal periodicities. This ﬁnding is obtained by means of
a newly proposed, hybrid excitation formalism, which derives the AAM counterparts of
torque terms from inversion of the AAM budget equation in the frequency domain.
Citation: Schindelegger, M., D. Salstein, and J. Böhm (2013), Recent estimates of Earth-atmosphere interaction torques and their
use in studying polar motion variability, J. Geophys. Res. Solid Earth, 118, 4586–4598, doi:10.1002/jgrb.50322.

1. Introduction
[2] Considerable scientiﬁc interest has been conveyed in
the irregular, geophysically driven ﬂuctuations of the Earth
rotation vector, in particular, its magnitude variations quantiﬁed as changes in length of day (LOD) and its movement
with respect to a body-ﬁxed reference frame reckoned as
polar motion (or wobbles). Interpreting observational time
series of these parameters in terms of the motion and mass
redistributions in Earth’s various subsystems is an illuminating but difﬁcult task, relying on global numerical models
of atmospheric and oceanic circulation as well as on the
knowledge of terrestrial water storage and the interaction
mechanisms between core and mantle.
[3] Over the last decade, advances of both geophysical
observations and models as well as Earth rotation estimates
from space geodetic techniques have allowed for a largely
successful comparison of polar motion values and changes
in LOD to modeled excitation signals, see Gross [2007] for a
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comprehensive overview. In short, nontidal perturbations of
Earth’s angular velocity at subdecadal periods are predominantly engendered by atmospheric dynamics [Rosen and
Salstein, 1983], with oceanic and hydrological excitation
providing small but nonnegligible contributions [Chen et al.,
2000]. The atmosphere’s inﬂuence on polar motion from a
few days to several years is less dominant than for the axial
component and relates to large-scale pressure variations
over northern midlatitude landmasses [Nastula and Salstein,
1999] and the corresponding changes in wind systems. The
oceanic effect of mass-ﬁeld variability and currents have
been identiﬁed as the second main driving agent for seasonal
and intraseasonal polar motion [Ponte et al., 1998], while
continental hydrology provides signiﬁcant power in particular for the excitation of the annual wobble of amplitude
of 90 mas (milliseconds of arc, or 2.7 m at the Earth’s surface); see Dobslaw et al. [2010] for a recent, more detailed
examination of those effects. Despite extensive modeling
efforts, even a near-perfect closure of Earth’s equatorial
excitation budget has remained elusive on a wide range of
time scales, including the annual period. These discrepancies are generally ascribed to still imperfectly represented
dynamical processes as well as inconsistencies among the
utilized circulation models [Brzeziński et al., 2009; Dobslaw
et al., 2010].
[4] Two different but closely related approaches can be
applied for investigating the impact of dynamical processes
in any geophysical ﬂuid on the rotation of the solid Earth.
The ﬁrst, more commonly used method derives from the

4586

SCHINDELEGGER ET AL.: ATMOSPHERIC TORQUES AND POLAR MOTION

principle of angular momentum conservation in an Earth
system isolated in space, encompassing both solid and ﬂuid
portions [Munk and MacDonald, 1960]. In such a system,
the net change of angular momentum in the combination of
the atmosphere, the oceans, land hydrology, and the core
has to be balanced by a mirror image variation of angular momentum of the solid Earth, which in turn is detected
by crust-bound geodetic stations as change in the rotation
vector of the terrestrial reference frame. The elegance of
such an angular momentum approach is augmented by computational advantages, as the involved global integrals are
mostly robust quantities and can be evaluated based on
the primary output of numerical circulation models [de Viron
et al., 2005a]. Early documentation of the geophysical origin
of changes in LOD and polar motion via angular momentum
estimates from globally gridded models of the atmosphere
and the oceans is included in Barnes et al. [1983], Rosen
and Salstein [1983], and Ponte [1997]. However, the speciﬁc processes that cause the solid Earth to alter its rotation
can only be uncovered by a complementary method called
torque approach [Munk and Groves, 1952]. This second
approach conceives Earth’s ﬂuids as external layers to the
mechanical system [de Viron et al., 1999] and directly
addresses the normal and tangential interaction forces across
all subsystems’ interfaces, taking into account the acting
lever arm from the Earth’s axis.
[5] Despite its potential and illustrative nature, the analysis of interaction torques at the Earth’s surface in understanding the variability of Earth rotation has been less applied than
the angular momentum approach. A mathematical framework is outlined in Wahr [1982] but it is generally less
straightforward than the sophisticated schemes existing for
excitation via angular momentum considerations [Gross,
2007; Brzeziński, 1994]. Few comprehensive torque studies exist for the case of polar motion [Wahr, 1983; Bell,
1994; de Viron et al., 1999; Fujita et al., 2002]; the majority
of which point out computational and numerical difﬁculties in the evaluation of torque terms. Additional obstacles
to the torque method consist in the need for ﬁne spatial
resolution of circulation models (particularly near sharp
topographic features), the unavailability of speciﬁc surface
ﬁelds, and poor observational constraints on the actual interaction forces [de Viron et al., 2005a]. There are however
good reasons to believe that these drawbacks have been
considerably mitigated over the last decade for at least
the atmospheric portion within the ensemble of numerical
models for global geophysical ﬂuids. Modern analysis and
assimilation systems for the atmosphere rely on an increasing number of observations from a multitude of techniques,
and are also subject to advances of the model physics and
the inherent analysis modules, compare, e.g., Dee et al.
[2011] with Kalnay et al. [1996]. Users and researchers can
now access meteorological data with high spatial resolution
(down to 16 km), while auxiliary surface variables such as
instantaneous stresses have become available as well. These
improvements provide the rationale for a renewed expectation of success in dealing with atmospheric torques in the
context of Earth rotation.
[6] One key challenge when investigating both angular
momentum and torques from a speciﬁc atmospheric model is
to test the analytical equivalence between the two quantities.
The evoked relationship is the angular momentum budget

equation of a ﬂuid layer overall, requiring that the time
derivative of atmospheric angular momentum (AAM) equals
the Earth-atmosphere interaction torque [White, 1949]. The
validity of such a balance has been noted to be essential
for the proper simulation of the general circulation as well
as to avoid systematic errors in short-term forecasts that
are utilized for LOD predictions in spacecraft navigation
[Huang et al., 1999]. Moreover, AAM and torque estimates
can be cross-checked, and information on the quality of
atmospheric models can be deduced since none of the existing analysis systems explicitly accounts for conservation of
angular momentum. Extensive efforts have been devoted
to the closure of the AAM budget in the axial direction,
but dedicated simulations aside [Lott et al., 2008], departures from an exact balance exist on various time scales
[Swinbank, 1985; Salstein and Rosen, 1994; de Viron and
Dehant, 2003]. The last study also represents the most recent
assessment of the (intra)seasonal AAM balance in the equatorial direction and offers considerable room for improvement, too. As long as such a mismatch exists, one has to
be critical of the application of torque series for quantifying
the geophysical excitation of Earth rotation. If, by contrast, a
sufﬁciently good closure of the AAM budget can be realized,
it is justiﬁed to consider torques as complementary tools to
the angular momentum method.
[7] This paper intends to present an update and extension of previous studies dealing with atmospheric torques in
the context of Earth rotation, and speciﬁcally polar motion
[de Viron and Dehant, 2003; Feldstein, 2008]. Motivated
by the recent substantial advances of meteorological analysis systems, we examine novel equatorial torque estimates
for (1) their agreement when computed from different atmospheric models, (2) their role in the AAM budget equation,
and (3) their potential usability in studying polar motion
variability on seasonal and intraseasonal time scales (i.e.,
periods from 4 to 400 days). The considerations are generally of numerical nature and based on the output of two
of the currently most accurate atmospheric reanalysis systems: ERA-Interim of the ECMWF (European Centre for
Medium-Range Weather Forecasts) [Dee et al., 2011] and
MERRA (Modern Era-Retrospective Analysis for Research
and Applications) produced using the GEOS-5 global circulation model (Goddard Earth Observing System, Version 5)
[Rienecker et al., 2011]. Both angular momentum and torque
data are derived in a consistent way from each reanalysis
system and correspond with the time series of Schindelegger
et al. [2013], who conducted a brief, basically time domain
investigation on the atmospheric excitation of polar motion
via the standard torque formalism of Wahr [1982]. The
present study will greatly advance these tentative efforts,
starting with a thorough term-by-term comparison of the
same torque and angular momentum quantities through correlation and regression analyses (section 4). Veriﬁcation of
the equatorial AAM budget at intraseasonal and in particular seasonal frequencies (section 5) is the second key
task of this study and another innovation compared to
Schindelegger et al. [2013]. Finally, we explore the possibility of converting torques to AAM terms in the frequency
domain and we assess the performance of these hybrid
series with the evidence of polar motion observations, after
accounting for additional oceanic and hydrological excitation signals (section 6).
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2. Theoretical Considerations
2.1. Atmospheric Angular Momentum
and Atmospheric Torques
[8] The angular momentum of the atmosphere (a) in the
equatorial direction can be written as the complex quantity
(a)
(a)
p
w
HO = Hx(a) + iHy(a) =  IO + hO (a) = HO + HO ,

(1)

with  denoting Earth’s mean angular velocity. The redistribution of air masses affects AAM both by small perturba(a)
tions in the equatorial moments of inertia  IO = Ixz (a) +
iIyz (a) as well as by changes in relative angular momentum
hO (a) = hx (a) + ihy (a) with respect to the body-ﬁxed reference
frame. Those two portions are conventionally called matter
p
w
and motion terms or pressure and wind terms HO and HO in
case of the atmosphere. The corresponding integrals utilize
global surface pressure values and vertical proﬁles of wind
velocities and can be found in numerous works, e.g., Moritz
and Müller [1987]. In order to quantify atmosphere-induced
variations of Earth rotation, pressure and wind terms are converted to effective atmospheric angular momentum functions
[Barnes et al., 1983]
O = O p + O w =

1.100
1.608
p
w
HO +
HO ,
(C – A0 )
(C – A0 )

(2)

where A0 and C are mean equatorial and axial moments
of inertia of the entire Earth. The prefactors of pressure and wind terms account for the various responses
of a realistic Earth model to rotational perturbations; see
Gross [2007] for the exact derivation of equation (2). If
available, oceanic angular momentum (OAM), as obtained
from currents and ocean bottom pressure anomalies, can
be simply superposed on the atmospheric quantities. Disregarding phenomena with diurnal or higher frequencies,
the transfer function relating observed polar motion and
geophysical excitation involves only the complex-valued,
observed frequency of the Chandler Wobble O cw and reads
[Brzeziński, 1994]
pO +

i P
pO = ,
O
O cw

(3)

with pO = px – ipy being the reported position of the so-called
Celestial Intermediate Pole (CIP) with respect to the terrestrial reference frame. Equatorial AAM as deﬁned in equation
(1) relates to the torque exerted by the solid Earth (s) on the
atmosphere via the AAM budget equation in inertial space
(a)

d HO
dt

= LO (s)!(a) = –LO (a)!(s) = LO e + LO m + LO f ,

(4)

where the complex equatorial interaction torque LO (s)!(a)
is an integral measure of the local pressure, friction, and
gravitational forces between the atmosphere and the solid
Earth, see Wahr [1982] or de Viron et al. [1999] for a rigorous analytical treatment. Pressure and gravitational forces
exerted by the ﬂattening of the Earth on the atmosphere are
the two dominant contributors to LO (s)!(a) and usually noted
as combined ellipsoidal or equatorial bulge torque LO e . The
mountain torque LO m quantiﬁes remaining local effects associated with pressure gradients across topographic features,
and also includes a minute contribution from the irregular
Earth masses as represented by the local (nonbulge) geoid.

A third but mostly minor contribution to the total interaction
torque is due to the wind stress at the atmospheric boundary
layer and is described by the friction torque LO f . Sporadically,
an additional constituent called gravity wave drag torque has
been considered, which captures the local angular momentum exchange on spatial scales smaller than the grid size
of the underlying atmospheric model. Given its smallness
(< 0.5% of the total torque as computed from MERRA data)
and the uncertainties of its parametrization [de Viron and
Dehant, 2003], it will not be treated in the following.
[9] All equatorial torque terms can be computed as surface integrals, with their mathematical expression recently
summarized in Schindelegger et al. [2013]
ZZ
i 2 a 4
ps ei cos  sin2  d d,
g


ZZ
dps
dps
LO m = –a2
(a + h)ei
cos  – i
sin  d d,
d
d
ZZ
LO f = –a3
ei (if – f cos  ) sin  d d.
p
LO e = i HO =

(5)
(6)
(7)

Note that the sign of each component is consistent with that
of the total torque acting on the atmosphere. The quantity
a represents a mean Earth radius, g is the nominal gravity
acceleration, h = h( , ) denotes the topographic elevation above sea level [Wahr, 1982], and ( , ) are geographic
colatitude and longitude. Differentiation of the surface pressure ps = ps ( , ) in both coordinate directions is essential
for the mountain torque, while the friction torque depends
on the colatitudinal and longitudinal wind stresses f (, )
and f ( , ). A central and helpful relationship for this study
is indicated in equation (5), that is, LO e , the torque associated with the equatorial bulge, is exactly proportional to the
AAM pressure term. This equivalence has been derived by
Wahr [1982] and is recapitulated from both a mathematical
and physical point of view in Marcus et al. [2004].
2.2. The Angular Momentum Budget Equation
[10] Considering all introduced quantities and expressing the time derivative of pressure and wind terms in the
nonrotating reference frame, the equatorial AAM budget in
equation (4) becomes

 p
w
d HO + HO
dt

 p

w
+ i HO + HO = LO e + LO m + LO f .

(8)

The left- and right-hand sides of the equation share the term
p
LO e = i HO , which accounts for 60–90% of the full signal
variability on (intra)seasonal time scales. Equation (8) will
therefore naturally produce a well-closed budget [de Viron
et al., 1999] and a much more convincing test of the AAM
balance within each atmospheric model can be constructed
by removing the ellipsoidal effect and verifying the residual
budget


w
d HO p + HO

dt

w
+ i HO = LO m + LO f .

(9)

[11] We also seek to assess how AAM and torque terms
perform with respect to each other when compared to real
observations of polar motion. Initially, one might apply the
AAM excitation scheme (equations (2) and (3)) on pressure and wind terms and a separate excitation scheme (e.g.,
equation (10) of Fujita et al. [2002] based on the torque
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formalism of Wahr [1982]) for atmospheric torques. This
approach however implies several problems that would lead
to an a priori deterioration of the torque results. First, the
analytical derivations of Wahr [1982] contain approximations such as d/dt   that are valid at long periods but
are insufﬁcient at least for intraseasonal time scales. Second,
observed polar motion of the CIP at discrete epochs needs
to be converted to geodetic excitation in terms of the instantaneous rotation pole by two subsequent differentiations
[Schindelegger et al., 2013], producing possible numerical
errors. And third, the oceanic excitation plays a major role
in inducing polar motion variability and can be considered
within the AAM method by simply superposing atmospheric
and oceanic quantities. For the torque approach, the best procedure would be to derive the set of Earth-atmosphere-ocean
interaction torques from a combined geophysical model, as
done by de Viron et al. [2001]. That is clearly beyond the
scope of this study, though, and one might consider introducing OAM values in Wahr’s torque result, see e.g. Fujita et al.
[2002]. Such an attempt however requires a clear picture of
what is calculated and which effects (friction, pressure forcing, ellipticity) have been included in the ocean model and
how they affect the atmospheric torques.
[12] The performance of AAM and torque terms is
thus compared via an alternative approach. Equation (8)
(a)
allows us to obtain HO = HO from the pure knowledge of all
Earth-atmosphere interaction torques LO (s)!(a) = LO and additionally separate pressure and wind terms. (More precisely,
only deviations in the global AAM value can be recovered
from the torques acting on the atmosphere, although this
fact does not restrict the validity of the subsequent considerations.) We achieve the conversion by rewriting the AAM
budget in equation (8) as ddtHO + i HO = LO and by noting its
frequency domain equivalent
O )eit + i H(
O )eit = L(
O )eit ,
i H(

(10)

where  = 2f and f signiﬁes the two-sided frequencyvector in cycles per (solar) day (cpd) allocated to the Fourier
O ) of the discrete complex signal L(t)
O . Hence,
coefﬁcients L(
the spectral components of the corresponding equatorial
AAM are accessible by means of a simple transfer function,
which is resonant at the retrograde diurnal frequency
O )eit =
H(

–i
O )eit .
L(
 +

(11)

Note that this result is also implicitly contained in the
considerations of Marcus et al. [2004], who designate the
resonance effect as ill-conditioning of the AAM budget
equation in the retrograde diurnal band. Given a proper
inverse transform to the time domain, the total AAM
O from equation (11) can be further divided into
term HO = H(t)
its wind and pressure portions, the latter equaling the ellipsoidal torque (equation (5)). As a result, the AAM wind term
(called equivalent wind term in the following) is obtained
from the torque-based total AAM via
w
p
HO = HO – HO = HO +

i e
LO ,


(12)

and does not have to be necessarily calculated from the vertical integration of wind velocities, which might be laborious
and certainly requires considerable disk space. Instead, our
frequency domain approach suggests that the variation of

w
HO with respect to its mean value is fully determined from the
surface integral of local forces, in particular, if one neglects
the small inadequacy (< 0.5%) of the thin layer approximation used in evaluating the equatorial bulge torque. This
result is basically in agreement with equation (5.11) of Wahr
[1982], albeit considerably more accurate at frequencies
above the seasonal band. Further beneﬁts of the proposed
strategy are the computational convenience (no numerical
integration or differentiation), the possibility to incorporate
torque-derived quantities in the well-established AAM excitation scheme (equation (2)), and the avoidance of difﬁculties in the superposition of oceanic excitation (see paragraph
below equation (9)). A certain drawback is that the physical interpretation of polar motion variations is somehow
blurred, since (equivalent) AAM values are less insightful
from a physical point of view. Moreover, the method is better
suited for post-processing tasks than for real-time applications, as with each additional time step and torque value,
the transfer function in spectral space (equation (11)) and its
inverse transform to time domain (leading to equation (12))
have to be recomputed. Mean values of the x and y wind term
components, usually reduced in any comparison to geodetic
excitation, are not accessible either.

3. Data From Atmospheric Reanalyses
and Their Preparation
[13] This study uses the gridded output of ERA-Interim
and MERRA for the time span January 2007 to December
2010. ERA-Interim represents the most recent reanalysis
effort of the ECMWF and extends from 1979 to nearreal time. It has been speciﬁcally designed to address and
improve on particular weaknesses of its predecessors, e.g.,
the long-term homogeneity or the precipitation and humidity cycles [Dee et al., 2011]. The reanalysis results include
consistently produced data on both the model surface and on
speciﬁed vertical layers. We downloaded geopotential, speciﬁc humidity, temperature, eastward and northward wind
speed grids on 25 pressure levels at 2ı horizontal resolution,
whereas surface pressure, eastward and northward surface
stresses (f and –f ) were obtained as 2-D ﬁelds at 0.5ı resolution. These surface data also include a static potential
ﬁeld (called orography), which, if converted to geometrical heights, is an instrumental variable for the evaluation
of the mountain torque (equation (6)) and for the interpolation/extrapolation of meteorological data to the lower bound
of vertical integration in the expression of the AAM wind
term. All data were obtained and processed with an initial
temporal resolution of 3 hours as provided by 12-hourly
forecast arcs within the ERA-Interim variational analysis
cycle. Such a dense sampling is not required for the purpose
of this paper but was selected to prepare for subsequent work
on diurnal and subdiurnal atmospheric torques.
[14] The second reanalysis model MERRA, conceived by
NASA’s GMAO (Global Modeling and Assimilation Ofﬁce)
as a climate context to a host of satellite missions, was
approached in similar manner. We downloaded 3-hourly, 3D data on the same 25 isobaric levels as for ERA-Interim
at 1.25ı resolution under product name 3D assimilated state
on pressure from the MERRA data holdings at http://disc.
sci.gsfc.nasa.gov/mdisc/data-holdings. This stream also provides access to surface pressure and the model’s intrinsic
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orography. Hourly eastward and northward stresses are
available at the native grid resolution of 1/2ı  2/3ı from the
same website under product name IAU 2D surface-turbulent
ﬂux diagnostics. Note that those stresses are time-averaged
values centered across the hourly intervals, while ERAInterim’s stresses are instantaneous ﬁelds. The data sources
for each reanalysis were selected with great care in order
to minimize inconsistencies between the different meteorological grids required for the angular momentum and torque
approaches [de Viron et al., 2005b], thus ensuring good
preconditions for an AAM budget validation. This is particularly true for all ERA-Interim quantities, as they are
homogeneously deduced from forecast ﬁelds.
[15] Auxiliary geophysical ﬂuids data in this study
include (effective) angular momentum functions for both the
global ocean and the continental hydrology as presented in
Dobslaw et al. [2010]. The respective models are the Ocean
Model for Circulation and Tides (OMCT) [Thomas et al.,
2001] and the Land Surface Discharge Model (LSDM) [Dill,
2009], which are both driven by momentum and energy
ﬂuxes from ERA-Interim atmospheric ﬁelds under consideration of global mass conservation. It is thus justiﬁed to
combine AAM or torque data from ERA-Interim with the
given oceanic and hydrological excitation series as done
in section 6. Small inconsistencies may be elicited since
OMCT and LSDM are forced with 6-hourly analyzed states
instead of short-term forecasts, although the negative effects
of this mismatch are certainly larger for high-frequency
phenomena than on intraseasonal or longer time scales.
The inclusion of hydrological angular momentum can be
debated, given its known uncertainties (H. Dobslaw, personal communication, 2013). Yet, we retain the associated
excitation functions as part of a fully consistent, massconserving dynamical system, cf. Dobslaw et al. [2010].
Core effects, which are even less well known but usually cited as possible sources for decadal variations of the
observed polar motion [Greiner-Mai and Barthelmes, 2001]
are neglected in the subsequent analysis of seasonal and
intraseasonal signals.
[16] Discretization of the AAM formulae and the torque
expressions (equations (5)–(7)) allows computing the equatorial AAM pressure and wind terms, as well as ellipsoidal,
mountain, and friction torques at the temporal resolution
of the described meteorological data. For the determination
of pressure gradients, we utilized a second-order centered
ﬁnite difference scheme investigated also by Huang
and Weickmann [2008]. Although slightly more accurate
schemes exist from a numerical point of view, we note that
the surface pressure ﬁelds in this work are given with higher
resolution than those of Huang and Weickmann [2008] and
that a possibly introduced bias is eliminated in any case by
detrending all time series.
[17] Furthermore, one has to ponder on the role of the
inverse barometric (IB) response of the oceans in the various
quantities. For Earth rotation studies at periods  5 days, an
IB-corrected AAM pressure term is conventionally deduced
as the average atmospheric pressure over the oceans. Hence,
if IB AAM functions and oceanic excitation are superposed,
the relevant oceanic mass term needs to represent only the
deviation from an ideal IB behavior. This is the case for the
available OMCT results, as ocean bottom pressure anomalies (measuring the mass of the water column and the air

column aloft) have been reduced by the mean atmospheric
(IB) pressure, see Dobslaw et al. [2010]. By implication,
we need to correct the atmospheric quantities accordingly,
i.e., impose the IB approximation on both the AAM pressure term or its torque equivalent, the ellipsoidal torque
[Marcus et al., 2010]. Non-IB series of pressure terms and
ellipsoidal torques were also produced in order to assess the
purely atmospheric angular momentum budget and derive
the equivalent wind term. All time series (except the slowly
varying hydrological excitation) underwent low-pass ﬁltering (ﬁfth-order Butterworth with cutoff frequency at 0.5 cpd)
and resampling at daily intervals. This preprocessing ensures
a good ﬁt to the daily C04-solution of the International Earth
Rotation and Reference Systems Service, which provides the
observed polar motion for 2007–2010.

4. Analysis of AAM and Torque Terms
[18] As a preparatory analysis step, we investigated the
(non-IB) ellipsoidal, mountain, and friction torque contributions to the total Earth-atmosphere interaction torque at
various frequencies based on the discrete Fourier transforms
of the complex-valued signals LO e , LO m , and LO f from ERAInterim. Each of the three two-sided spectra was sampled
at frequency steps of 0.5 cycles per year (cpy), with spectral content at a bandwidth of ˙2 cpy around the central
sampling frequency being retained but down-weighted by
means of a standard Hanning window. We then expressed
the average modulus from each of those bins for ellipsoidal,
ˇ
ˇ
ˇmountain,
ˇandˇ friction
ˇ torques as fraction of their sum
ˇOe ˇ ˇOm ˇ ˇOf ˇ
ˇL ( )ˇ + ˇL ( )ˇ + ˇL ( )ˇ (as opposed to the modulus of
the phasor sum, which might be smaller than its constituents
due to cancelation effects). While this procedure, including
the choice of spectral parameters, is not unchallengeable, it
serves its purpose to give a smooth picture of the respective
torque amplitudes at prograde and retrograde frequencies
(Figure 1). As anticipated, the bulge effect dominates the
other two constituents on all time scales, with magnitude
ratios of 95% at the annual frequency and 80% for semiannual and terannual, as well as intraseasonal periodicities
down to 10 days, cf. also the (IB) amplitude estimates of
Gross et al. [2003]. The signiﬁcance of the mountain torque
increases with higher frequencies and becomes comparable
to the ellipsoidal torque near the diurnal band, whereas the
contribution of LO f to the cumulative modulus never exceeds
5% at periods longer than 4 days. This size of effect is nonnegligible for the present study but also indicates that the
magnitude relationship of mountain and ellipsoidal torques
is very similar to that of the AAM wind and pressure term
p
w
pair, i.e., LO e = i HO and LO m  i HO as seen from equation
(9) for d/dt  .
4.1. Pressure and Wind Terms
[19] The comparison of the same AAM quantities from
the two atmospheric models was realized on the basis of
correlation and regression analyses at spectral intervals of
 = 0.5 cpy in the manner of de Viron et al. [1999]. We
designed a second-order inﬁnite impulse response peak ﬁlter [Proakis and Manolakis, 1996] with bandwidth ˙2 cpy
to extract the residual signals from the pressure term (or
wind term) time series of ERA-Interim and MERRA. From
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Figure 1. Frequency-dependent ratios of the ellipsoidal torque (orange curve), mountain torque (blue
curve), and friction torque (green curve) amplitudes from ERA-Interim with respect to the sum of
amplitudes from all three constituents.
the time domain comparison of those residuals, their linear
dependency (correlation coefﬁcient) and scale factor (regression coefﬁcient, with ERA-Interim regressed against
MERRA) were deduced. Both values should ideally be 1.
This requirement is almost perfectly met by the x and y components of the AAM pressure term (Figure 2a), especially
for frequencies lower than 60 cpy. Marginally less variable
regression coefﬁcients are evident for Hpy , which is mainly
sensitive to large-scale pressure variations over the continents and is thus well supported by the huge amount of
barometric and other land-based observations common to
both ERA-Interim and MERRA.
(a)

[20] Figure 2b reveals much larger discrepancies in the
comparison of relative angular momentum from the two
reanalysis data sets. Both x and y cross-spectra show irregular peaks and notches around a mean correlation and
regression level of about 0.9. Scale deviations in the representation of seasonal wind oscillations are particularly
conspicuous for the y component. These substantial differences in thep wind term in contrast to the excellent match
seen for HO are in part expected in light of earlier comparisons of the same kind, e.g., Eubanks et al. [1988]. In a
detailed investigation of wind ﬁeld differences in the context of Earth rotation, Masaki [2008] found that most of the
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Figure 2. Frequency-dependent correlation coefﬁcients (solid curves) and regression coefﬁcients
(dashed curves) for (a) the pressure term and (b) the wind term of ERA-Interim and MERRA.
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Figure 3. Frequency-dependent correlation coefﬁcients (solid curves) and regression coefﬁcients
(dashed curves) for (a) the mountain torque and (b) the friction torque of ERA-Interim and MERRA.
differences of equatorial AAM functions originate from the
uncertainty of northward wind speeds in the upper troposphere over southern midlatitudes and tropical regions. This
result, presumably reﬂected in Figure 2b, is of direct concern
for excitation estimates of polar motion as the wind term
accounts for 10–50% of the atmosphere-driven intraseasonal
polar motion and is also nonnegligible at seasonal frequencies, see Gross et al. [2003]. Hence, information on the
reliability of both ERA-Interim and MERRA wind terms is
precious and will partially be provided by evaluating the
residual AAM budget equation in section 5.
4.2. Mountain and Friction Torques
[21] With the cross-spectra of the ellipsoidal torque being
equivalent to that of the AAM pressure term (only reversed
roles of x and y), we directly address the analysis of the
mountain torque in Figure 3a. The displayed correlation
and regression series appear to be only marginally worse
than those of the ellipsoidal torque. This is a remarkable
result given that LO e arises from the surface integration of
global-scale pressure patterns, whereas LO m reacts to local,
high-terrain pressure gradients, which are believed to be
less well known [de Viron et al., 2005a]. Another positive ﬁnding is that the different horizontal resolutions of the
ERA-Interim and MERRA surface pressure grids (0.5ı and
1.25ı , respectively) do not cause any signiﬁcant differences
in the globally integrated mountain torques, even though
LO m is, in principle, sensitive to the small-scale variability of
pressure and topography [de Viron and Dehant, 2003]. If
the latter study is taken as a benchmark for the numerical
agreement achievable for torque quantities from meteorological reanalyses a decade ago, we get one of the key results
of the present paper, that is, the coherence between equato-

rial mountain torques from different atmospheric models has
substantially improved from a level of 0.8 (or less) to nearly
0.99 at seasonal and intraseasonal periodicities (coherence
plot not shown, but Figure 3a gives an indication). It has to
be acknowledged that de Viron and Dehant [2003] probed
much longer reanalyis runs, spanning roughly three decades
(1968–1999), which is in stark contrast to the 4 year test
data set examined here. On a second note, we again stress
the relative contribution of the mountain torque to the total
atmospheric torque being very similar to that of the wind
w
term to the cumulative AAM. Both LO m and HO thus play
about the same role in their respective approaches. However, the numerical results (cf. Figures 2b and 3a) echo a
much better convergence of the reanalysis models in terms
of mountain torque values, testifying that LO m represents a
stable excitation measure from different data sets. Whether
the obtained mountain torque series are realistic or not can
only be judged within a comparison to geodetic excitation of
polar motion.
[22] Further discussion is inspired by the cross-spectra of
the friction torque (Figure 3b), which displays a high level
of correlation (0.93) throughout the investigated frequency
bands. The regression analysis indicates that one model
(ERA-Interim) by tendency produces larger friction torque
amplitudes than the second model (MERRA) by about
10–50% on different time scales, albeit the underlying
grid resolution for both ﬂux data sets is almost identical
(section 3). Overall, the agreement between the different
estimates for LO f is very high and can be compared to
that obtained by de Viron and Dehant [2003] for previous reanalyses of the ECMWF and NCEP (National Center
for Environmental Prediction). Interestingly, the coherence
of equatorial friction torques between the predecessors of
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Figure 4. Frequency-dependent magnitude-squared coherence and phase lag values of the sum of local
torques and the residual AAM time derivative for ERA-Interim (solid curves) and MERRA (dashed
curves).
ERA-Interim and GEOS-5 was also investigated by de Viron
and Dehant [2003] but found to be very low at intraseasonal periods. Figure 3b represents a major improvement to
that effect, even though one has to consider that the underlying surface stresses are not observed directly but largely
controlled by the turbulence parametrization scheme and the
physical model equations [Dee et al., 2011]. Both ERAInterim and MERRA presumably show strong similarities in
this respect.
[23] Finally, we note a clear deterioration of correlation
and regression values at seasonal periodicities for the y component of the friction torque in analogy to the y component
of the global wind term in Figure 2b. A plausible explanation
 f for this
 observation arises from the fact that both terms
Ly and Hwy share the same sensitivity patterns for northward and eastward vector components, i.e., wind velocities
and surface stress values, respectively. It is likely that uncertainties in the wind proﬁles have a bearing on the wind stress
representation in each of the atmospheric models.

5. Analysis of the Angular Momentum Balance
[24] Due to the dominance of the (non-IB) bulge effect
in both AAM and the total torque, equation (8) is virtually perfectly closed over the entire frequency range and
provides no particular insight into the quality of the reanalysis data sets. By contrast, the residual AAM budget in
equation (9) allows us to cross-check the remaining players
w
HO , LO m , and LO f and assess the balance between those terms
within ERA-Interim and MERRA. We opted for an analysis
of coherence and phase lag values at prograde and retrograde frequencies based on the built-in MATLAB functions
mscohere (magnitude-squared coherence) and cpsd (cross
power spectral density) with nf = 210 frequency samples and
a Hamming window function of length nf /4. This conﬁguration produces smooth spectra with a level of detail similar to
a windowless implementation. Considering that the default
lag window overlap of 50% doubles the smoothing factor
of the spectral estimator, the 95% conﬁdence level of the
squared coherence amounts to 0.30, cf. equation (9.2.23) of
Jenkins and Watts [1968].

[25] The results are presented in Figure 4 and unambiguously reveal ERA-Interim as the “better” of the two
reanalysis models with regard to the residual AAM budget. Phase differences between the AAM time derivative
and the sum of mountain + friction torques from ERAInterim never exceed ˙10ı , while their coherence is usually
above 0.9 up to the highest frequencies considered. Such a
good closure constitutes another step forward from similar
but less encouraging veriﬁcations of de Viron and Dehant
[2003]. Yet, the AAM budget is only partly balanced within
MERRA, with distinct drops in coherence found at the same
frequencies (near –6 cpy and ˙15 cpy) as the notches of
the y AAM wind component in Figure 2b. We perceive this
ﬁnding as an indication of the low reliability of the MERRA
wind term in contrast to that of ERA-Interim. Caution should
be therefore exercised if the output of MERRA is used to
account for the atmospheric excitation of polar motion.
[26] In order to underpin the ﬁne balance of the
residual AAM budget within ERA-Interim in the seasonal
band, Figure 5 assembles the contributing quantities in the
complex plane expressed as phasors in units of hadleys
(1 Hd = 1018 kg m2 ). At such long periods, the AAM contribution on the left-hand side of equation (9) is governed
w
by the term i HO to about 95%. The cumulative mountain
and friction torque is in excellent agreement with this quantity for all seasonal periodicities with minor exceptions in
the retrograde semiannual and terannual bands. As expected
from Figure 4, the analogous phasor plots for MERRA (not
depicted) are less convincing, with the largest differences to
the ERA-Interim budget visible for the seasonal components
of the AAM wind term. Nonetheless, friction and, in particular, mountain torque estimates closely resemble those shown
in Figure 5.

6. Comparison With Geodetic Excitation
[27] Motivated by the remarkable angular momentum balance within the ECMWF reanalysis, we compared AAM and
torque time series from ERA-Interim with observed polar
motion. Both types of excitation measures were deployed in
the same transfer functions (equations (2) and (3)) so as to
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Figure 5. Phasor diagram for the residual AAM budget equation at prograde and retrograde seasonal
frequencies, involving friction torque (green arrows), mountain torque (blue arrows) and the AAM
time derivative (black arrows) from ERA-Interim in units of hadleys. The individual phasors were
extracted as complex coefﬁcients from the discrete Fourier transfrom of each series without a particular
phase convention.
meet our requirement of even-handed treatment for AAM
and torque terms, see section 2.2. Whereas the main contribp
utor to equation (2), HO , is common to both approaches, and
w
also HO is readily available in case of the angular momentum approach, the equivalent wind term as determined from
the total atmospheric torque needs to be computed from the
frequency domain inversion of the AAM budget equation
as given by equation (11). This task involves the discrete,
O and its associated
two-sided Fourier transform (DFT) of L(t)
frequency-vector
=

2 
–nf /2, –nf /2 + 1, : : : , nf /2 – 1 ,
nf t

(13)

where t is the equidistant sampling rate (1 day). The DFT
size, nf , was ﬁxed to the length of the analyzed time series,
guaranteeing the desired daily time domain sampling after
inverse DFT without any noticeable numerical degradation.
Real and imaginary parts (or x and y components) of the
equivalent wind term, eventually deduced from equation
(12) in the time domain, are displayed in Figure6 together
with the original AAM wind term from vertical integration. The apparently close match of the two series conﬁrms
that the suggested procedure gives very good results, conw
siderably
superior
to that of Wahr’s approximation HO 


–i LO m + LO f /, which was also tested. Small differences

can be anticipated from Figure 6 for the high-frequency
variation of the wind term.
[28] While all foregoing analyses utilized non-IB quantities, the actual comparison to geodetic polar motion
requires the IB version of the AAM pressure term to ensure
consistency with the IB-corrected ocean bottom pressure
anomalies from OMCT. Accepting this formalism, effective
angular momentum functions were obtained according to
equation (2) for the atmosphere (a) (one set for the original wind term, one for its torque equivalent), the global
ocean (o), and the continental hydrology (h) from the ERAInterim-forced OMCT and LSDM models, respectively.
Their superposition should balance the geodetic excitation
function deduced from equation (3), or equivalently,
pO +

 

i P  (o),p
pO – O
+ O (o),w – O (h),p + O (h),w – O (a),p  O (a),w , (14)

O cw

where pO was taken from the C04-solution for 2007–2010
and the numerical values for O cw correspond to that of
Schindelegger et al. [2011]. Equation (14) allows us to
single out the respective performances of the standard wind
term and the equivalent wind term with the evidence of polar
motion residuals. Statistical measures of this comparison are
speciﬁed in Table 1 and include the correlation coefﬁcient
between the left- and right-hand sides of equation (14)
as well as the root mean square (RMS) values of the total
residuals pO + pPO i/O cw – O (a) – O (o) – O (h) in the x and y directions.
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Figure 6. ERA-Interim wind term in (a) x and (b) y direction both from standard calculation (black
curves) and torque quantities (blue curves) via inversion of the AAM budget equation. Small trends were
removed from the standard wind term series.
[29] By including the atmospheric wind term in the excitation relationship, the variability of polar motion residuals
as expressed by the RMS values in mas is generally
reduced from a level of 19.6 mas to 16.1 mas in x
and from 25.1 mas to 21.6 mas in the y direction. At
a ﬁrst glance, the y component of geodetic excitation,
which is known for its larger overall spectral power (cf.
Schindelegger et al. [2013]), does not react to whether the
original wind term or its torque equivalent is deployed, as
the correlation coefﬁcient is 0.51 for both variants. However,
truly encouraging results are evident for the x component,
which, partly due to its lower level of variability, is capable of revealing an increased correlation of 0.62 for the
equivalent wind term compared to 0.58 for the standard
case. The associated RMS reduction (0.7 mas) is signiﬁcant at the ˛ = 0.05 level (95% conﬁdence interval), as
judged from the F (Fischer) test of the quotient of squared
RMS differences [Bosch, 1996]. It is therefore justiﬁed to
assume that the torque-based wind term, which mainly arises
from the surface pressure gradients over land, can reduce
the vulnerability of the AAM wind term to uncertain vertical wind proﬁles over the tropical oceans [Masaki, 2008].
The argument of deﬁcient wind data was already presented
in section 4. It might especially hold for the x component
of the AAM wind term, of which the weighting pattern
[sin  sin  ] for northward wind speeds peaks right over the
problematic regions noted by Masaki [2008] (east Paciﬁc
and Indian Ocean). The ﬁnding that the statistical measures
are not improved by the torque-based quantities in y is partly
refuted in Table 2 by a completely analogous comparison to
Table 1 for intraseasonal periodicities only. The separation
of frequency bands was accomplished by means of a ﬁfthorder Butterworth high pass (cutoff at 3 cpy) and reveals =
0.52/RMS = 19.9 mas instead of = 0.50/RMS = 20.2 mas
for the standard wind term in y direction. However, the null
hypotheses of no /RMS improvement in Table 2 can only
be rejected at markedly low-signiﬁcance levels (˛ = 0.46

for the correlation coefﬁcient, ˛ = 0.29 for the RMS differences). These slight corrections are masked in Table 1 by the
inclusion of seasonal frequencies, what in turn demonstrates
the good quality of the seasonal ERA-Interim wind term and
(or) remaining uncertainties in the local torques. We also
repeated the above analysis excluding the hydrological excitation functions in equation (14) and arrived at basically the
same numerical results.
[30] Table 1 is also extended by the analogous values
from the second reanalysis, MERRA. Although the superposition of AAM terms from this data set evokes strong
inconsistencies with the atmospheric forcing of the ocean
and land hydrology model, the beneﬁt of using torque-based
wind terms is evident from a 7% increase of correlation and
Table 1. Statistical Measures for the Comparison of Geodetic
Excitation to AAM Functions From ERA-Interim and MERRA:
Correlation Coefﬁcient Between Standard as Well as Equivalent
Wind Terms and Polar Motion Residuals (Atmospheric Pressure
Term, Oceanic and Hydrological Excitation Subtracted); Corresponding RMS Values in x and y Direction for the Total Polar
Motion Residuals (as Deﬁned in the Text)a


ERA-Interim

Standard wind term
Equivalent wind term

Signiﬁcance level ˛ of F test
MERRA

Standard wind term
Equivalent wind term

Signiﬁcance level ˛ of F test

RMS (mas)

x

y

x

y

0.58
0.62

0.51
0.51

16.1
15.4

21.6
21.6

9%

-

5%

-

0.54
0.61

0.42
0.49

16.5
15.4

23.1
21.9

1%

2%

1%

2%

a
The signiﬁcance level ˛ in refuting the null hypothesis of no increase
in correlation has been computed from the F transformation of both  values (standard wind term, equivalent wind term) following Bosch [1996].
A simple F test on the quotient of squared RMS differences yielded the
signiﬁcance level of the RMS reduction.
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Figure 7. Frequency-dependent (a) magnitude-squared coherence and (b) phase lag values of wind term
and geodetic excitation after reduction of the atmospheric pressure term, as well as oceanic and hydrological excitation. Results for both the standard wind term (black curves) and the equivalent wind term (blue
curves) are depicted. The 95% conﬁdence level of the squared coherence has been constructed following
Jenkins and Watts [1968].
from RMS values reduced by 1.1–1.2 mas with respect to
MERRA’s standard wind term. Together with Figure 4, this
w
result illustrates the lack of reliability of HO as obtained
from vertical integration of MERRA wind velocities.
[31] As a ﬁnal comparison, we derived coherence and
phase lag plots for the left- and right-hand sides of
equation (14) with the same settings as introduced in
section 5. Figure 7a displays the magnitude-squared coherence between polar motion residuals and the wind terms
from the two investigated approaches (only ERA-Interim).
w
The best match between HO and the residual geodetic excitation is generally found between 20 and 50 cpy for both
prograde and retrograde frequencies, where the pressure
term contribution substantially diminishes (Figure 1). In
accordance with the statistical results in Tables 1 and 2, the
equivalent wind term yields marginally higher coherence
values at nearly all periodicities, in particular, those below
the seasonal bands. For semiannual and annual wobbles,
the standard wind term again appears to perform somewhat
Table 2. As Table 1 but Only for ERA-Interim and Intraseasonal
Periodicities


ERA-Interim

Standard wind term
Equivalent wind term

Signiﬁcance level ˛ of F test

RMS (mas)

x

y

x

y

0.59
0.63

0.50
0.52

14.4
13.8

20.2
19.9

8%

46%

6%

29%

better; see also the slightly smaller phase discrepancies in
Figure 7b. Apart from these ﬁndings, the imperfect phase
lag values in Figure 7 and low-coherence estimates (partly
below the 95% conﬁdence limit) are also a testament to the
still existing leakage in the excitation budget of geodetic
polar motion. Further reduction of the gaps at seasonal and
subseasonal frequencies certainly awaits the improvement
of oceanic (and hydrological) circulation models [Brzeziński
et al., 2009].

7. Conclusion and Outlook
[32] Two novel, 4-year records of equatorial torques acting on the atmosphere have been computed, cross-checked,
and validated against geodetic observations of polar motion.
The three major ﬁndings from these numerical considerations are as follows: (1) the agreement between the chosen
reanalysis data sets (ERA-Interim and MERRA) in terms
of local torques has signiﬁcantly improved from similar
comparisons of previous studies and clearly exceeds the
match achievable for the more routinely used AAM wind
term; (2) torque and angular momentum quantities from
ERA-Interim provide an impeccable closure of the residual AAM budget equation on seasonal and intraseasonal
time scales, after removal of the dominant forcing associated with Earth’s equatorial bulge; such a balance is a strong
indication of the reliability of mountain and friction torques
for further use in the context of Earth rotation; (3) when
converted to AAM terms and inserted into a sophisticated
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excitation formalism, torque quantities perform marginally
better in explaining intraseasonal polar motion variability
than their AAM counterparts. Provided a careful selection of
the underlying meteorological data, we thus dare to believe
that for restricted periodicities, the margin between angular
momentum and torque approaches for the atmosphere has
become much ﬁner than previously noted.
[33] Even though our results are unambiguous, they
are also tentative to some extent. First and foremost, a
third atmospheric reanalysis data set should be analyzed
in an analogous way in order to substantiate the deduced
results for ERA-Interim and MERRA. These independent
torque and angular momentum estimates can be in principle
obtained from the current Climate Forecast System Reanalysis (CFSR) [Saha et al., 2010] of NCEP. On another note,
it would be desirable to extend the time frame of our study
to the full reanalysis period (commencing 1979), thereby
enabling AAM budget considerations over three decades
of substantial advances in atmospheric models/assimilation
systems, and also a thorough comparison to the ﬁndings
of de Viron and Dehant [2003]. Validation against geodetic
excitation, both on a year-to-year basis and as a long-term
mean, would help to ascertain our results from the present
4-year test data set.
[34] A more comprehensive assessment is also due for the
anomalous wind term of MERRA. We suggest a study of
regional discrepancies in wind speeds on speciﬁc vertical
layers, including analysis ﬁelds of ERA-Interim and NCEP’s
CFSR. This approach can provide a hindsight on the possible inﬂuence of radio occultation measurements [Kursinski
et al., 1997], which have not been considered in MERRA
prior to 2011 but provide the third most important data volume in ERA-Interim since 2007 (cf. Dee et al. [2011]) and
are also assimilated in CFSR (cf. Saha et al. [2010]). Radio
occultation retrievals are high-resolution soundings at altitudes from 40 km to near-ground layers. They thus directly
support the representation of atmospheric dynamics in
regions of high density, which are of utmost importance for
AAM wind signals.
[35] Further extensions of this work include the axial
component of Earth rotation as well as analogous investigations at diurnal and subdiurnal time scales [de Viron
et al., 2005b], for which the respective contributions of
equatorial torque terms is somewhat different to that at lower
frequencies. Given the resonance condition of the AAM
budget inversion at retrograde diurnal frequencies, the suggested hybrid excitation formalism has to be reassessed and
perhaps reﬁned.
[36] The ultimate goal for the torque method would consist in an application on a realistic, coupled atmosphereocean model in order to compute the total atmospheric +
oceanic torque on the solid Earth. While such an approach
can be enlightening in terms of the interaction processes
between all subsystems, it is also a complex problem putting
high requirements on the oceanic portion of the model, e.g.,
a precise knowledge of local water column heights due to
the friction drag at the sea surface [de Viron et al., 2005a].
On top of that, the excitation formalism for torque quantities
suggested by Wahr [1982] is only of approximative nature
at subseasonal periodicities and needs to be advanced in its
own right. The impact of ocean dynamics on Earth rotation
should thus be preferably estimated via the classical angular

momentum approach. Nevertheless, it will be an interesting
challenge to exploit future model advances to understand
dynamic interactions between Earth system components in
the torque framework.
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