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Outline of Presentation
• Theory of pole tides

• Solid Earth
• Oceans

• Observations of ocean pole tide
• Tide gauge

• Fourier analysis
• Power spectrum analysis
• Stacking

• Satellite altimetry
•Impact of ocean pole tide
• Oceanography

• Small, non-astronomically forced ocean tide

• Geodesy
• Period and Q of Chandler wobble



Theory
• Earth rotation

• Not constant
• Rate of rotation changes (length-of-day variations)
• Earth wobbles as it rotates (polar motion)

• Centrifugal force acting on Earth
• Changes as Earth rotation changes
• Deforms elastic solid Earth (solid Earth pole tide) 

• Changes in rotation rate cause size of Earth’s rotational bulge to change
• Polar motion causes solid Earth pole tide

• Deforms oceans (ocean pole tide)
• Solid Earth pole tide

• Y21 pattern, amplitude of a few centimeters
• Ocean pole tide

• Y21 pattern, amplitude of about 5 mm
• Frequency same as forcing (polar motion) frequency



Solid Earth Pole Tide at Wetzell & Kokee

(Krásná, 2012)

Primary signals: 12-month annual and 14-month Chandler



Pattern of Ocean Pole Tide

!Ec and !Es, rather than the corresponding admittance func-
tions !Zc and !Zs is preferred here because the normalized
functions are determined without any prior knowledge of
the body Love number, g2.
[23] Figure 2 provides maps of the two normalized

admittance functions. The spatial distribution of the two
normalized equilibrium admittance functions are similar but
the self-consistent equilibrium admittances are noticeably
amplified. If the continents, self-gravitation, and loading of
the oceans were to be ignored then the normalized equili-
brium admittances would be exclusively defined by a
degree 2 order 1 spherical harmonic coefficient a21 = 1.
The presence of oceans serves to reduce this principal
coefficient by 30% to a value of 0.7022, while the self-
gravitation and load of the oceans then amplifies this
coefficient by 20% to a value of 0.8439. It is worth noting
that the normalized classical equilibrium admittance is
mathematically required to have a real valued degree 2
order 1 spherical harmonic coefficient such that the imag-
inary part b21 = 0 (see Appendix A). Numerical computa-
tions verify this convenient characteristic of the normalized

classical equilibrium admittance, and also show that the
normalized self-consistent equilibrium admittance has this
same characteristic.
[24] The load Love numbers g0n are also in the strictest

sense complex parameters whose phase would reflect the lag
in the response of the solid Earth to the load of the oceans,
but such an effect can be thought of as a third-order effect.
For example, the normalized self-consistent equilibrium
admittance function might be approximated by O(q, l)
(1 + g02a2a21) !P21 exp(il). Assuming that the magnitude of
g02 = 1.6935 from the real load Love numbers of Farrell
[1972], then an unusually large phase of 1–2! in g02 would
result in the factor (1 + g02a2a21) decreasing in amplitude by
<0.01%, and having a phase of 0.14–0.28!. Therefore, real
load Love numbers are always assumed here.

3.4. Geocentric Pole Tide Deformations of the Sea
Surface

[25] Satellite altimeters observe radial geocentric dis-
placements of the ocean surface and therefore observe the
sum total of the radial body, ocean, and load tide deforma-

Figure 2. Normalized classical and self-consistent equilibrium ocean pole tide admittance functions
with mass conserved, !Ec and !Es, respectively. Solid contours are positive, dashed contours are negative,
and the units are percent.
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History of Ocean Pole Tide
• Predicted by Lord Kelvin in 1876

“The sea would be set into vibration, one ocean up and another down …”
(Presidential Address, BAAS, 1876)

source: 
likesuccess.com



History of Ocean Pole Tide, cont.
• Early questionable observations

• Detect 14-month signal in 7-yr segments of tide gauge data
• A. S. Christie (“The latitude variation tide”, 1900)
• H. G. Bakhuyzen (“Über die Änderung der Meereshöhe und ihre Beziehung zur

Polhöhenschwankung”, 1913)
• E. Przbyllok (Veröff. des Preuss, Geodäsischen Inst., 1919)
• J. Baussan (”La composante de Chandler dans la variation des niveaux marins”, 

1951)
• I. Maximov (“The polar tide in the Earth’s ocean”,1956)

• Haubrich and Munk (1959)
• Applied power spectrum analysis to tide gauge data
• Questioned earlier claims of detection (data too noisy)



Haubrich and Munk (1959)2376 HAUBRICH AND MUNK 
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high-resolution spectra. 

The spectra are obtained by computing the 
cosine transforms of the autocorrelations. The 
result is a smoothed spectrum. As always, there 
are conflicting desires between high resolution 
(small A[) and statistical reliability (large v). 
For the low-resolution spectra (A[ -- 0.125 cpy) 
there is appreciable smoothing; for the high- 
resolution spectra (A• -- 0.0125 cpy) there is 
little smoothing, and the uncertainty limits are 
very large. In the latter case we might as well 
have computed the power for each harmonic 
of the record, without resorting to autocorrela- 
tion. The method was used only because it was 
available in convenient machine-programed 
form. 

Co- and quadrature-spectra--The equilibrium 
tide for each station was computed for each 

month from 1900 to 1954 according to (7), 
using the unsmoothed latitude data [Walker 
and Young, 1957, Table Ia] and setting I -]- k 
-- h -- 0.68 [Jeffreys, 1952, p. 206]. The values 
so obtained were analyzed with the recorded 
sea level to obtain the normalized co- and 
quadrature-spectra, P and Q (Fig. 4). If the 
recorded tide is in phase with and proportional 
to the equilibrium tide, then P -- i and Q - 0 
over the frequencies of the pole tide; if the 
recorded tide lags by 90 ø, then P -- 0 and 
Q-1. 

T•EoR•e 

For a rigid earth the period of free nutation 
would be 10 months. But deformations are 
caused both in the solid earth and in the oceans 



History of Ocean Pole Tide, cont.
• Early questionable observations

• Detect 14-month signal in 7-yr segments of tide gauge data
• A. S. Christie (“The latitude variation tide”, 1900)
• H. G. Bakhuyzen (“Über die Änderung der Meereshöhe und ihre Beziehung zur

Polhöhenschwankung”, 1913)
• E. Przbyllok (Veröff. des Preuss, Geodäsischen Inst., 1919)
• J. Baussan (”La composante de Chandler dans la variation des niveaux marins”, 

1951)
• I. Maximov (“The polar tide in the Earth’s ocean”,1956)

• Haubrich and Munk (1959)
• Applied power spectrum analysis to tide gauge data
• Questioned earlier claims of detection (data too noisy)

• Trupin and Wahr (1990)
• Stacked tide gauge data (weight data to match Y21 pattern) 



Trupin and Wahr (1990)446 A .  Trupin and J .  Wahr 

effects of atmospheric pressure, computed using the inverted 
barometer assumption. Again, we restrict our analysis to 
January 1900-April 1973. We find that, for stations outside 
the North Sea, Baltic Sea, and Gulf of Bothnia, the removal 
of pressure affects the pole tide amplitude inferred below by 
about 10 per cent. 

In this and the succeeding analysis involving the pole tide, 
stations in the North and Baltic Seas and in the Gulf of 
Bothnia are removed from the PSMSL data as there is an 
anomalously large spectral peak at 434-437 days for this 
region close to the pole tide peak at 437 days (see, for 
example, Miller & Wunsch 1973). An equilibrium stack of 
26 stations in the North Sea reveals the PSMSL amplitude at 
the 437-day period to be 3.6 times the equilibrium 
amplitude, for the 42 Baltic Sea stations the PSMSL 
amplitude is 6.2 times equilibrium, and for the 19 stations in 
the Gulf of Bothnia, the PSMSL amplitude exceeds the 
equilibrium amplitude by a factor of 9. 

The beat period between the pole tide band and one year 
is approximately 60-85 months. To minimize the correlation 
with the annual period, we choose to include in our global 
analysis only those stations having greater than 60 months of 
data. This leaves us with 487 stations out of the original 721 
in the full PSMSL data set. 

Figure 2(a) shows ungridded amplitude spectra for Y: 
stacks of these 487 stations. Fig. 2(b) shows the spectra of 
the stacks averaged on a 1 0 " ~ 2 0 "  grid. Shown are the 
spectra for the PSMSL data, for the synthetic (i.e. 
equilibrium) data, and for differenced data. The differenced 
data are generated by subtracting the synthetic time series 
from the PSMSL time series. Note that in Fig. 2 the spectra 
for both the PSMSL data and the synthetic data show a 
double peak for the pole tide, with one peak at 427 days and 
the other at 437 days. This is a well-known feature of the 
polar motion spectrum. Most of the signal contributing to 
this double peak is from data early in the time series. The 
two peaks are close enough together that their resolution 
requires most of the 74 yr of the data span. 

In both the gridded and non-gridded stacks, the pole tide 
is clearly evident in the spectrum for the PSMSL data and 
there is good visual agreement with the synthetic data. The 
agreement is particularly good for the gridded results. In 
both cases, the differenced data does not have the 
characteristic double peak spectrum, indicating that the 
PSMSL stack is similar to the equilibrium stack in amplitude 
and phase. 

To evaluate the agreement quantitatively, we compute 
amplitudes for both the PSMSL and the synthetic data sets. 
First, the amplitudes at the frequencies of the two apparent 
pole tide peaks are computed, and the results from the 
PSMSL data and synthetic data are compared. We find, for 
the ungridded data shown in Fig. 2(a), that the amplitude of 
the 427-day peak in the PSMSL data is 0.99 f 0.28 times the 
synthetic amplitude, and that of the 437-day peak is 
0.74 f 0.27 times the synthetic. 

We then repeat this procedure, but for the gridded stacks 
in Fig. 2(b). In this case, the 427-day and 437-day amplitude 
ratios are 1.01 f 0.18 and 0.96 f 0.17 respectively. The 
uncertainties for both the gridded and ungridded results are 
obtained from visual estimates of the signal-to-noise ratio at 
the pole tide frequency, and assuming the worst case that 
the amplitudes of the signal and the noise are additive (in 
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Figure 2. Amplitude spectra at the Chandler wobble frequency 
band for Yk stacks of 487 stations. The solid curve is for the PSMSL 
stack, the long-dashed curve is for the synthetic (equilibrium) data 
and the short-dashed curve is the spectrum obtained when the 
synthetic stack is subtracted from the PSMSL stack. The effects of 
pressure have been subtracted from the PSMSL data, assuming an 

I inverted barometer response. The Chandler wobble is clearly 
evident in the PSMSL results, and its amplitude is close to I 
equilibrium. Stations in the North and Baltic Seas and in the Gulf of 
Bothnia are not included in the stacks. (a) Ungridded. (b) 10" X 20" 
grid. 

other words, that the noise is either in phase or 180" out of 
phase with the signal). The background amplitude used to 
obtain the signal-to-noise ratio is 1.0mm for both the 
ungridded and gridded stacks. 

To estimate the phase difference between the PSMSL and 
the synthetic data and to obtain another estimate for the 
amplitude ratio, we fit the synthetic data to the PSMSL data 
using a complex constant, after a filter is used to extract, 
from both time series, the power in a spectral band centred 
over the two pole tide frequencies (0.068-0.073 cycles per 
month). The power in the spectral band of interest is/ 
extracted so that the band at the annual period and the 
low-frequency power does not affect the estimate of phase 
(there is a residual spectral peak centred around 1 cycle per 
year, even though an annual term has been fit and removed 
from the data). The phase difference between the PSMSL 
and the synthetic data is small for both the gridded and 
ungridded stacks. The PSMSL leads the synthetic data in the 
ungridded stacks by 3" f 50" and the overall amplitude ratio 
is 0.83 f 0.27; roughly the average of the amplitude ratios 

 at Jet Propulsion Laboratory on July 12, 2016
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History of Ocean Pole Tide, cont.
• Early questionable observations

• Detect 14-month signal in 7-yr segments of tide gauge data
• A. S. Christie (“The latitude variation tide”, 1900)
• H. G. Bakhuyzen (“Über die Änderung der Meereshöhe und ihre Beziehung zur

Polhöhenschwankung”, 1913)
• E. Przbyllok (Veröff. des Preuss, Geodäsischen Inst., 1919)
• J. Baussan (”La composante de Chandler dans la variation des niveaux marins”, 

1951)
• I. Maximov (“The polar tide in the Earth’s ocean”,1956)

• Haubrich and Munk (1959)
• Applied power spectrum analysis to tide gauge data
• Questioned earlier claims of detection (data too noisy)

• Trupin and Wahr (1990)
• Stacked tide gauge data (weight data to match Y21 pattern)

• Desai (2002)
• Detected (solid Earth + ocean) pole tide in altimetry data



Desai (2002)

This illustrates the importance of accounting for the self-
gravitation and loading of the ocean pole tide since this
difference of 0.055, or 18%, in the estimated amplitude of k2
is mostly explained by the ignored term g2(1 + k2

0)a2a21 =
0.047. It is also worth noting that if the reported pole was
assumed to be identical to the rotation pole, that is m(t) =
p(t), instead of using equation (7) to relate the reported pole
to the rotation pole, then the estimated value of k2 at the
Chandler wobble period would be larger by approximately
0.003, or 1%.
[35] An attempt is also made to observe any shorter wave-

length features of the ocean pole tide. Maps of the geocentric
pole tide admittance function, as defined by ZA(q, l) in
equation (21), are estimated simultaneously with the mean,
drift, and seasonal response in the 3 by 3! geographic bins.

As before, the admittance functions are with respect to the
rotation pole data that have seasonal variations removed.
These estimates of the admittance are smoothed with a
Gaussian smoothing function similar to that used by Desai
and Wahr [1995]. Figure 5 shows these maps together with
the predicted equilibrium geocentric admittance function as
defined by !ZA(q, l) in equation (22) using values of h2 =
0.6027 and k2 = 0.308.
[36] These maps confirm the long-wavelength agreement

between the observed and predicted geocentric equilibrium
response. There are apparent short-wavelength departures
from the expected equilibrium response. However, many of
these short-wavelength features are correlated with strong
oceanographic phenomenon. As such, they are probably
better interpreted as noise in the estimated geocentric pole

Figure 4. Degree 2, order 1 spherical harmonic coefficients, A21 and B21, of the T/P sea surface height
(SSH) observations, and the predicted geocentric pole tide deformations of the sea surface height
observed by T/P. The predictions are computed with the assumption that the ocean pole tide has a self-
consistent equilibrium response.
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Desai (2002)

tide admittance function that is being introduced by the
inadequate decoupling of the general ocean circulation of
the oceans from the geocentric pole tide deformation from
the limited 9 year data record. For example, the observed
real admittance function shows features in the equatorial
regions of the Pacific Ocean that are highly correlated with
the strong El Niño event that occurred in 1997–1998. Sea
surface heights as large as 25 cm are associated with this
event and are much larger than the 9 cm global standard
deviation of the sea surface height anomaly that is typically
observed by T/P. Another example is in the observed
imaginary admittance where there is an apparent departure
from equilibrium that corresponds to the Gulf Stream on the
eastern coast of North America.
[37] To place these results in perspective note that the

expected maximum admittance of approximately 50% cor-
responds to a displacement of the ocean surface of 8–18
mm over the time period of sea surface height observations
that are used in this analysis. These amplitudes are no larger
than 8% of the amplitudes of the sea surface heights that are
associated with the 1997–1998 El Niño event. Also, the
maps of the geocentric pole tide admittance function are
generated with only 7.5 cycles of the Chandler wobble.
[38] The Love number k2 is also estimated from all of the

available 1 Hz altimetric observations instead of cycle-
averaged spherical harmonic components of the observed

sea surface heights, again assuming the equilibrium
response defined by equation (22) with h2 = 0.6027.

!k ¼ 0:312" 0:002 ; ! ¼ #5:6" 0:3$

The fact that both methods arrive at very similar estimates
of k2 can be explained by the fact that for the most part they
both essentially consider the degree 2 order 1 spherical
harmonic component of the observed sea surface heights.
However, the two methods differ in that the spherical
harmonic approach specifically imposes the constraint of
zero-valued geocentric pole tide displacements in un-
sampled regions including land areas when determining
the cycle-averaged degree 2 order 1 spherical harmonic
coefficients. This constraint serves to significantly improve
the orthogonality of the spherical harmonics and thereby
possibly reduces any aliasing from other spherical harmonic
components of the observed sea surface height.
[39] Both of the uncertainties quoted above result from

the formal errors in the respective estimates of k2. The
apparent reduction in these uncertainties by an order of
magnitude when using the 1 Hz data instead of the spherical
harmonic approach is a numerical artifact that can be
explained by the fact that in each repeat cycle a 3 by 3
degree bin contains an average of 150 1 Hz measurements.
Meanwhile, the spherical harmonic approach effectively
includes only a single measurement in each 3 by 3 degree

Figure 5. Maps of the geocentric pole tide admittance function, ZA(q, l), that is determined from T/P
sea surface height observations, and the corresponding admittance that is predicted with the assumption
that the ocean pole tide has a self-consistent equilibrium response.
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Passive Influence of Oceans on Tcw

• Period of Chandler wobble
• Presence of oceans increases period of Chandler wobble

• Oceans deform as result of wobbling motion of solid Earth

• First suggested by Newcomb (1891, 1892)
• Explained discrepancy between 427-day period observed by Chandler (1891) and 306-day period predicted by Euler as due 

to “fluidity of the ocean” and “elasticity of the Earth”

• If oceans are in equilibrium, Chandler period increases by 29.8 sidereal days (Smith and  Dahlen, 1981)

• If oceans depart from equilibrium by 1%, then period increases by an additional 0.3 sidereal days (Smith 
and Dahlen, 1981)
• Uncertainty (1σ) in observed period of Chandler wobble is 1.1 days (Wilson and Vicente, 1990)

(Smith and Dahlen, 1981)



Passive Influence of Oceans on Qcw

• Damping of Chandler wobble
• Due to possible dissipation in oceans
• No dissipation if oceans wobble with the solid Earth

• That is, if pole tide is an equilibrium tide
• Amount of dissipation depends on amount that global oceans

are not in equilibrium with Earth’s wobbles
• Impact may be large
• Departure from equilibrium of only 1%, or a phase lag or 4.5 days, gives Qcw = 100

(Smith and Dahlen, 1981)
• Numerical models indicate negligible departure of pole tide

from equilibrium (Carton and Wahr, 1986)
• Observations are consistent with an equilibrium pole tide

• Tide gauges (Trupin and Wahr, 1990)
• Topex/Poseidon sea surface height (Desai, 2002)

• But observations are uncertain



Summary
• Solid Earth and ocean pole tides

• Forced by polar motion
• Amplitude of few cm in solid Earth, order of magnitude smaller in oceans 

• Ocean pole tide unambiguously observed
• Tide gauges and satellite altimetry

• Impact of ocean pole tide
• Small for oceanography, large for geodesy
• Equilibrium oceans increases Tcw by 29.8 sidereal days

• Oceans out of equilibrium by 1% increases period by additional 0.3 sid. days 

• Dissipation within oceans may be an important damping
mechanism of Chandler wobble
• In absence of observations to the contrary, ocean pole tide is usually assumed 

to be in equilibrium based on results of models
• Better observations of ocean pole tide are needed


