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SUMMARY: In addition to torques exerted by the Moon, Sun, and planets,
changes of the Earth orientation parameters (EOP) are known to be caused also
by excitations by the atmosphere and oceans. Recently appeared studies, hint-
ing that geomagnetic jerks (GMJ, rapid changes of geomagnetic field) might be
associated with sudden changes of phase and amplitude of EOP (Holme and de Vi-
ron 2005, 2013, Gibert and Le Mouél 2008, Malkin 2013). We (Ron et al. 2015)
used additional excitations applied at the epochs of GMJ to derive its influence
on motion of the spin axis of the Earth in space (precession-nutation). We demon-
strated that this effect, if combined with the influence of the atmosphere and oceans,
improves substantially the agreement with celestial pole offsets observed by Very
Long-Baseline Interferometry. Here we concentrate our efforts to study possible in-
fluence of GMJ on temporal changes of all five Earth orientation parameters defin-
ing the complete Earth orientation in space. Numerical integration of Brzezinski’s
broad-band Liouville equations (Brzeziriski 1994) with atmospheric and oceanic ex-
citations, combined with expected GMJ effects, is used to derive EOP and compare
them with their observed values. We demonstrate that the agreement between all
five Earth orientation parameters integrated by this method and those observed by
space geodesy is improved substantially if the influence of additional excitations at

GMJ epochs is added to excitations by the atmosphere and oceans.
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1. INTRODUCTION

Earth orientation parameters (EOP) define
the orientation of the Earth in space and, there-
fore, are important for transformations between ter-
restrial and celestial reference frames. There are
five of them — two components of polar motion (po-
sition of spin axis within the Earth), two compo-
nents of precession-nutation (position of spin axis in
space), and proper rotation (measured as Universal
Time UT1, or its negatively taken first time deriva-
tive, length-of-day) — see Fig. 1. They are regularly

monitored by the International Earth Rotation and
Reference Systems Service (IERS) established by the
TAU and IUGG in 1987. Precession-nutation is dom-
inantly caused by torques exerted by the Moon, Sun,
and planets on the rotating flattened Earth, and is
now described with extremely high accuracy by the
TAU models of nutation (IAU2000) based on rigid-
Earth model by Souchay et al. (1999) and apply-
ing the non-rigid Earth response by Mathews et al.
(2002), and precession (IAU2006) by Capitaine et
al. (2003) and Capitaine and Wallace (2006); there-
fore, only small deviations from these models (celes-
tial pole offsets) are derived from observations.
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Fig. 1. FEarth Orientation Parameters.

It was demonstrated earlier by many authors
(see, e.g., Barnes et al. 1983, Brzezinski 1994, Gross
2005) that excitations by geophysical fluids (atmo-
sphere, oceans) play dominant role in polar motion
and rotational velocity of the Earth. Some effects
(about two magnitudes smaller) can also be seen in
nutation. However, excitations by geophysical flu-
ids alone cannot fully explain all observed variations
of Earth Orientation Parameters (EOP). It was re-
cently noticed that sudden jumps of phase and/or
amplitude of all EOP are somehow correlated with
geomagnetic jerks (GMJ):

— length-of-day (Holme and de Viron 2005,

2013);

— polar motion (Gibert and Le Mouél 2008);

— nutation (Malkin 2013).
GMJ are rapid changes of the second time deriva-
tive of geomagnetic field lasting typically from sev-
eral months to a year (see Mandea et al. 2010). They
are often not detected globally at the same time and
their duration is difficult to be determined precisely
(Chulliat and Maus 2014). Here we use a simpli-
fied assumption that their duration is the same in all
cases, and use its value by minimizing the fit to the
observed EOP.

We discuss these possibilities in the present
study, using the numerical integration of the excita-
tions by geophysical fluids in combination with ad-
ditional excitations due to GMJ, and comparing the
results with the observed values of EOP. To study ex-
citations of polar motion, many authors prefer using
the so called geodetic excitations (computed from the
observed polar motion) and comparing them with
excitations by geophysical fluids. This approach is
much easier if compared with the integration ap-
proach since it does not require complicated and
time consuming looking for optimal initial condi-
tions. However, here we decided to use the integra-
tion, mainly for two reasons:

a) Geodetic excitations are computed for the
model containing only one (Chandler) resonant fre-
quency. Nevertheless, it would become extremely dif-
ficult (and maybe even impossible) to compute them
exactly for the more realistic model with two reso-
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nant frequencies (Chandler and free core nutation),
as is the case of Brzeziriski’s broad-band Liouville
equations that we are using here (see Section).

b) While geodetic excitations are excellent
tools to study forced motion, they are less sensitive
to the free Chandlerian term - it disappears in geode-
tic excitations. Thus, it is practically impossible to
study changes of its amplitude and phase, which is
our main subject of interest in this paper; the ex-
pected influence of GMJ is a quasi-instantaneous
change of amplitude and phase of only the free part
of the motion while its forced periodic part remains
unchanged. The tests that we made with geode-
tic excitations show that their differences from at-
mospheric and oceanic excitations are rather noisy
(their peak values reaching almost 100 mas), so that
the episodic additional excitations due to GMJ of
comparable amplitudes are invisible.

2. INPUT DATA

We use the following data, covering the inter-
val 1989.00-2014.25:

e For polar motion and length-of-day changes:
The CO04 solution provided by the International
Earth Rotation and Reference Systems Service
(IERS) at equidistant daily intervals — see Figs. 2
and 3. The latter figure depicts also a long-periodic
part due to tidal friction and decadal variations ob-
tained by filtering original data so that only the pe-
riods longer than 7 years are retained.
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Fig. 2. Polar motion after IERS C04 [mas].
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Length-of-day changes after IERS C04

e For nutation: VLBI-based observations
of celestial pole offsets (differences from the

most recent adopted IAU2000/2006 model of
precession-nutation) dX, dY: combined solution
ivs14qlX.eops, provided by the International VLBI
Service for Geodesy and Astrometry (IVS). The data
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are spaced unevenly in intervals from 1 to 7 days
(see Fig. 4). Before using data for comparison with
the integrated excited values (see below), the outliers
(larger than 1 mas) are removed, the series is filtered
(Vondrak 1977) to contain only periods between 60
and 6000 days, and interpolated to 10-day intervals.
We also removed the so called Sun-synchronous cor-
rection with annual period applied by Mathews et al.
(2002) to account for the missing atmospheric effects
in their nutation model.
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Fig. 4. Celestial pole offsets after IVS [mas].

e For atmospheric and oceanic excitations: ef-
fective angular momentum functions x1,2 3 (defined
by Barnes et al. 1983), available at 6-hour in-

tervals from the U.S. National Centers for Envi-
ronmental Predictions / National Center for Atmo-

spheric Research (NCEP/NCAR) reanalysis (Zhou
et al. 2006). Wind plus pressure terms both with-
out and with the Inverted Barometer (IB) correction
are used. The former represents an Earth model
with ‘frozen’ oceans, the latter representing a sim-
ple oceanic model, in which the oceans react im-
mediately and inversely to pressure changes — see
Figs. 5 and 6. It is evident that the IB correction
significantly diminishes variations of pressure term.
Oceanic excitations used here are those given by the
ECCO model (Gross et al. 2005, Gross 2009), com-
puted at 1-day intervals since 1993.0 — see Fig. 7.
However, they can be used only for studying polar
motions and length-of-day changes since they lack
retrograde quasi-diurnal signal (which becomes long-
periodic in celestial frame), capable of exciting nuta-
tion.

There exist more series of atmo-
spheric/oceanic excitations (e.g., European mod-

els ERA and OMCT). We demonstrated earlier
(Vondréak and Ron 2014) that they yield sys-
tematically larger amplitudes, if compared with
NCEP/NCAR and the observed values of celestial
pole offsets. This is in agreement with the findings
by Brzezinski et al. (2014). Therefore, we concen-
trate here on NCEP/NCAR and ECCO solutions
only.

e For geomagnetic jerks: the epochs 1991.0,
1994.0, 1999.0 and 2007.5 given by Malkin (2013),
two close epochs 2003.5 and 2004.7 after Olsen and
Mandea (2008) and Mandea et al. (2010), and 2011.0
by Chulliat and Maus (2014) are fixed, schematic ex-
citations (see below) with amplitudes estimated from
the best fit to observations are used.
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Fig. 5. NCEP atmospheric angular momentum
functions [1078] — wind terms.
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Fig. 6. NCEP atmospheric angular momentum
functions [1078] — pressure terms.
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Fig. 7. FECCO oceanic angular momentum func-
tions [10~%] — matter and motion terms.
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3. BROAD-BAND LIOUVILLE
EQUATIONS AND THEIR
NUMERICAL INTEGRATION

Polar motion and celestial pole offsets excited
by geophysical fluids can be derived from numeri-
cal integration of Brzezinski’s broad-band Liouville
equations (Brzezinski 1994) using atmospheric and
oceanic angular momentum functions. They are
written (in complex form, with i = \/=1) as follows:
For polar motion, p = x — iy, they read:

p—i(oc+0¢)p— ocop =
—oc{ot(xp + Xw) + oc(apXp + awXw)
+i[(1+ap)Xp+ (1+ aw)Xwl} s (1)

for celestial pole offsets, P = dX +idY =~ Ay siney+
iAe (A, Ae being the nutation offsets in longitude
and obliquity, respectively), the equations have for-
mally a very similar form:

P —i(of + o})P — oo P =
—oc {ot(x;, + Xw) +oc(apx;, + awxy,)
+i[(14ap)x;, + (1 + aw)Xy] } - (2)

In Egs. (1) and (2), o¢, of are the two main res-
onance frequencies — Chandler and retrograde free
core nutation (RFCN) in the terrestrial frame, o¢.,
ot are the same frequencies expressed in the celestial
frame, xp = X1p + iX2p; Xw = X1w + iX2w are the ef-
fective angular momentum functions (pressure and
wind terms, respectively) in the terrestrial frame,
Xp» Xy the same in the celestial frame. Unlike in
our preceding studies, here we use more recent val-
ues of numerical constants (Koot and de Viron 2011)
ap, = 9.200x 1072, ay, = 2.628 x 10™%, expressing dif-
ferent reaction on pressure/wind terms.

There is a simple relation between frequency
in the terrestrial and celestial reference frames, o’ =
o+, where Q = 6.30038 rad/day is the mean
speed of rotation of the Earth. Here we use two
complex free frequencies oy = —6.31498 + 0.0001534,
oc = 0.014602 + 0.000083i, based on values given by
Mathews et al. (2002) in Tab. 3a and Appendix D,
respectively. They correspond to periods and quality
factors Ty = —430.35d, Q¢ = 20000 (in the celestial
frame) and Tc = 430.30d, Q¢ = 88.4 (in the terres-
trial frame). Any complex effective angular momen-
tum function y in the terrestrial frame can be trans-
formed into x’ in the celestial frame, using a simple
formula x’ = —ye'?, where ¢ is the Greenwich side-
real time. Thus, the retrograde quasi-diurnal signal
in terrestrial frame appears as a long-periodic signal

in the celestial frame.
To integrate Egs. (1) and (2) numerically,

we are using the fourth-order Runge-Kutta method
(Press et al. 1992) with 6-hour steps. To this end, we
re-wrote the subroutine rk4 in a complex form. We
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also introduced substitutions y1 = p, y2 = p — iogp
in Eq. (1) and Y7 = P, Y2 = P —io¢ P in Eq. (2) to
get the systems of two first-order complex differen-
tial equations instead of one second-order equation.
For polar motion they read

Y1 = iotyr + Yo (3)
Yo = iocyz — oc {ot(Xp + Xw) + oc(apXp + awXw)
+1[(1+ap)xp + (1 + aw)Xwl}

and for celestial pole offsets:

Yl = iO’éYl + Y2 (4)
Yo = i0fYs — o {ot(X}, + X)) + 06 (apX), + awXl)
+i[(14ap)X, + (14 aw)Xy] } -

We choose the initial values y1(0) = p(0) and
y2(0) = i(oc—o¢)p(0) for polar motion, ¥7(0) = P(0)
and Y3(0) = i(of — o) P(0) for celestial pole offsets,
which assures that the quasi-diurnal free motions
(both in terrestrial and celestial reference frame) dis-
appear. Integrations are repeated with different val-
ues p(0), P(0) to find the best rms fit to observations.
It is necessary to stress that the choice of the initial
pole position affects only the amplitude and phase
of free motions; the forced motions remain intact by
the choice.

4. GEOMAGNETIC JERKS AND THEIR
SIMULATED EXCITATIONS

In our recent paper (Vondrdk and Ron 2014)
devoted to celestial pole offsets only, we accounted
for the effect of GMJ by simply interrupting nu-
merical integration at GMJ epochs and starting it
again with slightly different initial conditions (which
is equivalent to delta-shaped excitation). This led
to discontinuities of pole position at these epochs,
which is physically not acceptable. Thus, we de-
cided to use a ‘schematic’ excitation function, in the
sense introduced by Lambeck (1980, chap. 4.3), ca-
pable of changing only the phase and amplitude of
the free term during a relatively short time inter-
val without changing neither the mean pole position
nor the forced quasi-periodic component of its mo-
tion. Consequently, we used additional excitations
of a ‘double ramp’ (or triangular) shape, 200 days
(i.g., comparable to the typical length of GMJ) long.
This was chosen to obtain continuous pole motion
with rapidly changed phase and amplitude of the free
term, and its mean position unchanged. The ampli-
tudes of these excitations were estimated to get the
best fit with the observations. In order to find how
the fit changes with changing the epochs of intro-
ducing additional excitations, we shifted the epochs
in the interval £100 days around GMJ epochs. The
best fit, in the sense of minimizing the RMS, was ob-

tained when these excitations were centered at GM.J
epochs (Ron et al. 2015).
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Now we are changing this approach again, in
order to use not only the continuous, but also smooth
form of the additional excitation. Our choice is a ‘co-
sine’, or a bell-like shape, with properties very similar
to the preceding one:

27T(t - to)

1 bl WA 7
+ cos A s

()

where a is the complex amplitude estimated to ob-
tain the best fit to observations, tg the GMJ epoch,
and A is the width of the interval in which the excita-
tion is applied. The tests that we made showed that
the optimal width is A = 200 days. However, the
choice of this value is not very critical — it only de-
termines how fast is the change of phase/amplitude
of the resulting motion. The excitation function and
its simulated influence on the pole position are dis-
played in Fig. 8. We also made tests with shifting
the epochs of additional excitations by +180 days
from GMJ for polar motion and found that the best
agreement is again achieved if GMJ epochs are used.
This approach is strictly followed in case of polar mo-
tion and celestial pole offsets, length-of-day changes
are treated slightly differently (see below). It is nec-
essary to say that the three shapes of additional
schematic excitations mentioned above (i.e., delta,
triangle, and bell) lead to very similar results; we
prefer the last one only because it yields continuous
and smooth motion of the pole both in the terrestrial
and celestial frame.

integrated pole position

schematic excitations
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Fig. 8. Schematic ‘bell-shaped’ excitation and its
simulated effect in pole position.

5. RESULTS

The integrations were done in two versions:
with only atmospheric and oceanic excitations, and
with additional excitations due to GMJ added. We
always used pressure term without IB correction in
combination with oceanic excitation, and the one
with IB correction, assuming that the IB correction
represents a simple oceanic model.

The amplitudes of additional excitations due
to GMJ, which were estimated to provide the best
fit to observed values of all Earth orientation pa-
rameters, are displayed in Tabs. 1 (polar motion and
celestial pole offsets) and 2 (length-of-day changes).

5.1. Polar motion

Since the very long-periodic and secular po-
lar motion is not caused by atmospheric/oceanic ef-
fects (these are usually ascribed to the post-glacial
rebound — e.g., Vermeersen et al. (1997) or Mitro-
vica and Milne (1988)), and since we are not inter-
ested in very short periods, we used the filter after
Vondrak (1977) to remove all periods shorter than
10 and longer than 6000 days from IERS C04 solu-
tion (see Section 2) to be directly comparable with
the integrated values. We also made some changes in
atmospheric excitations, before the integration was
made: mean values from both y; and yo were sub-
tracted, the data were smoothed to contain only
periods longer than 10 days, and time derivatives
needed to integrate Egs. (1) were computed. The re-
sults of integration are graphically demonstrated in
Figs. 9 and 10. In both cases, much better agreement
with observations is achieved if GMJ excitations are
added to atmospheric/oceanic excitations (compare
top and bottom plots in both figures). Both rms fit
and correlation improved significantly, and the best

fit is obtained if NCEP + ECCO excitations are used
with GMJ effects (bottom of Fig. 10).
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Fig. 9. Polar motion [mas] — integrated with AAM
excitations (full line) and observed (dotted line). Ar-
rows denote the GMJ epochs.
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Fig. 10. Polar motion [mas] — integrated with
AAM + OAM excitations (full line) and observed
(dotted line). Arrows denote the GMJ epochs.
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Table 1. Amplitudes of additional excitations of polar motion and celestial pole offsets due to GM.J.

NCEP 1B NCEP+ECCO NCEP 1B
GMJ epoch | x1 [mas] xo [mas] [ x1 [mas] xo [mas] | X [mas] xj [mas]
1991.0 —0.45 0.40
1994.0 -30 40 5 60 | -0.35 1.05
1999.0 25 -5 60 5| 060 0.85
2003.5 -35 55 40 50 0.70  -1.20
2004.7 20 95 -30 70 025  -0.70
2007.5 -35 0 -35 60 | 115 145
2011.0 15 70 110 65| 0.0 025

Table 2. Amplitudes of additional excitations of
length-of-day due to GMJ.

NCEP IB | NCEP+ECCO

GMJ epoch | X3 [us/day] X3 [ps/day]
1994.0 0.31 0.47
1999.0 —0.08 0.33
2003.5 -0.61 -0.57
2004.7 0.99 0.71
2007.5 0.25 0.14
2011.0 -0.22 -0.23

5.2. Celestial pole offsets

Similarly to polar motion, we removed all pe-
riods outside the interval 60-6000 days from CPO
given in the IVS solution (Section 2). Atmospheric
excitations were converted into celestial frame, the
mean values removed, and their time derivatives,
needed to integrate Eqs. (2) were calculated. The
obtained results are depicted in Fig. 11. Again, from
comparison of the top and bottom graph, a signifi-
cant improvement of the fit to observations is seen
when GMJ excitations are added.

a) NCEP IB only (rms=0.224 mes, correlation=0.425)
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Fig. 11. Celestial pole offsets [mas| — integrated
with AAM (full line) and observed (dotted line). Ar-
rows denote the GMJ epochs.
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5.3. Length-of-day

In the case of length-of-day, the situation dif-
fers from the preceding two cases — the relation be-
tween length-of-day changes (l.o.d.), expressed in
seconds, and excitation is simply (Barnes et al.
1983):

lo.d. = 86400(x3w + Xx3p) + constant. (6)

Variations of the Earth’s speed of rotation
are dominantly caused by tidal effects (deceleration
due to the tidal friction and zonal tidal deforma-
tions, both caused by the Moon and Sun) and atmo-
spheric/oceanic excitations. There exist also decadal
variations of somehow obscure origin, often ascribed
to core-mantle coupling. Thus, prior to comparing
the observed length-of-day with the excitations, we
removed from l.o.d. series: tidal variations as given
by IERS Conventions 2010 (Petit and Luzum 2010),
and a long-periodic part (due to tidal dissipation
and decadal variations) by using a filter by Vondrak
(1977) to remove periods longer than 7 years. In ad-
dition to atmospheric excitations, we modeled GM.J
effects by applying schematic excitations at GMJ
epochs defined by Eq. (5). Since the papers by Holme
and de Viron (2005, 2013) identify the GMJ epochs
with sudden changes of the first derivative of LOD,
we applied additional excitations to the time deriva-
tive x3 and then integrated them to obtain the effect
in x3. The results for both oceanic models (NCEP
IB and NCEP + ECCO) are shown in Figs. 12 and
13, respectively. Similarly to polar mo-

a) NCEP IB only (0.206 ms, correlation=0.864)
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Fig. 12. Length-of-day changes [ms] — calculated
with AAM excitations (full line) and observed (dotted
line). Arrows denote the GMJ epochs.
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tion and celestial pole offsets, the significant im-
provement of the fit due to the inclusion of GMJ
effects is evident, but the difference between NCEP
IB and NCEP + ECCO is negligible. This is quite
natural, since the effect of the oceans is very small if
compared with the atmosphere (especially wind ef-
fect is dominant) in this case.

) NCEP + ECCO (rms=0.215 ms, correlation=0.851)
1.

15 T T T T T T T T T T
1993 1995 1997 1999 2001 2003 2005 2007 2009 2011 2013 2015

b) NCEP + ECCO + GMJ (rms=0.105 ms, correlation=0.960)
15

T T T T T T T T T T T
1003 1905 1007 1909 2001 2002 2005 2007 2009 2011 oma 2m5

Fig. 13. Length-of-day changes [ms| — calculated
with AAM + OAM excitations (full line) and ob-
served (dotted line). Arrows denote the GMJ epochs.

6. CONLUSIONS

Geophysical excitations, although dominant
in polar motion and speed of rotation, are capa-
ble of yielding significant contribution to all Earth
orientation parameters. Numerical integration of
Brzezinski’s broad-band Liouville equations is found
to be convenient to account for these effects in polar
motion and nutation (represented here as celestial
pole offsets) in time domain. However, the compar-
ison of the results based on the excitations by geo-
physical fluids alone does not provide fully satisfac-
tory results. There still exist relatively rapid changes
in all Earth orientation parameters both of the am-
plitude and phase, unexplained by geophysical fluids.
We demonstrate here that additional impulse-like ex-
citations applied at the epochs of GMJ improve the
agreement between the excited and observed Earth
orientation parameters. The best fit is obtained if
NCEP atmospheric plus ECCO oceanic excitations
are combined with the effects of geomagnetic jerks,
especially in case of polar motion and celestial pole
offsets. For the length-of-day changes, the oceanic
contribution is only marginal, both NCEP IB and
ECCO models yield practically identical results, the
inclusion of the GMJ excitation however brigs about
significant improvement.

We do not provide here the physical mecha-
nism of how GMJ can influence Earth orientation
parameters; we only demonstrate a remarkable coin-
cidence between the two phenomena. Nevertheless,
it is well known that geomagnetic coupling between
the Earth’s mantle and core has a measurable effect.
Thus, the probability that GMJ causes the changes
of this coupling which, in turn, is reflected in Earth
orientation, is very high.
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[Moszmaro je ma Ha mpoMeHe HapamMerapa
Semmune opujenrtanuje (EOII), mopem rpasu-
tanuonor npejcrBa Mecena, CyHma wu miaxe-
Ta, yTU4y jom armocdepa u OreaHu. Pe3yi-
TATW HEKUX HEJABHUX WCTPAKUBAKA YKa3yjy u
Ha MOTyNy MOBE3aHOCT Op3UX MPOMEHA T'eOMAar-
HerHor noswa (geomagnetic jerks, GMJ) ca maraum
npomenama ¢aze um ammunryne EOII-a (Holme
and de Viron 2005, 2013, Gibert and Le Mouél 2008,
Malkin 2013). Muwu cmo Behh wmcnmurusanu yrtu-
naj momatHux mopemehajHux mejcraBa Ha IOMe-
pame 3eMibuHEe Oce poTanuje y mpocTtopy (mpe-
necuja u mytaimmja) tokom GMJ unrepsana (Ron
et al. 2015). IMokazanu cMo ga edexar OBOT yTU-
naja, y3 yTumaje armocdepe U OKeaHa, 3HATHO
noboJpIIaABa CATTIACHOCT Ca MOCMAaTPAHUM OACTY-
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nmampuMa ImoJo¥kaja Hebeckor moisia. Y OBOM

pamy, HaIle HAIOPE CMO YCMEPWUIN Ka UCIU-
tuBawy Moryher GMJ yrumnaja Ha moBpemeHne
OpoMeHe CBUX HeT IapaMerapa 3eMJ/bUHE OpU-
jerarmje. Ila OumcMoO wm3pauyHAIN BPEIHOCTU

II-a u ymopemuiau mX ca HUXOBUM pPeau-
30BAHUM BPEIHOCTHAMA, HYMEPUYKM CMO WHTE-
rpajauiau mupokomnojacue Liouville-ose jenmaunmne
(Brzeziniski 1994) koje cy yk/byunBaie yTuiaje ar-
Mocdepe u okeaHa, 3ajenHo ca ouekuBaHuM GMJ
epextuma. JlobujeHu pesyaraTtu Cy OOTBDAUIN
oa ce CBU MapaMeTpu 3eMJbUHE OpPUjeHTalllje
3HATHO 0OJbe ycarjamasajy ca MoCMaTpamuMa,
Kala Ce eKCIuTalnrjaMa aTMOCPEpPCKOr U OKEeaH-
CKOT' IOpEKJIa noda U yTunaj oxpebhenux ercrn-
ranuja y GMJ enoxama.
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