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1. Introduction
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Earth is an imperfectly elastic body
whose various layers can each be
characterised by a quality factor Q
related to the fractional energy loss
per deformation cycle. One effect
of this anelasticity is that the
response to forcing is attenuated
and delayed (dissipation), the latter
being equivalent to a complex-
valued shear modulus . Q is
measured at seismic periods (~1 s
to ~1 h) and appears to be constant
across these timescales. It is lowest
for the asthenospheric upper
mantle where Q ~ 80 at seismic
periods in contrast to Q > 300 in
the majority of the mantle.
According to absorption band
theory [1-4], Q will decrease at
longer periods, then increase once
the unknown upper limit of the
absorption band is reached, before
decreasing again once steady-state
viscous behaviour dominates.
Knowing the timescales of these
transitions is critical for accurate
modelling of ocean tide and
seasonal loading.

2. Evidence from ocean tide loading
Using GPS observations in western Europe, we have shown previously [5-6] that Earth’s
response to semi-diurnal ocean tide loading (OTL) requires that asthenospheric anelasticity
be taken into account. This is not the case in Green’s functions commonly used to compute
OTL by the geodetic community. Our observations show that Q is independent of T (or only
very weakly dependent) at least as far as the semi-diurnal tidal band, in contrast to earlier
geodynamic predictions [e.g. 3] which were based on a

4. Consequences for
seasonal loading
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3. Implications for Earth models 
Anelastic behaviour in the asthenosphere will result in increasing
changes in the response to surface mass loads at longer periods,
particularly if Q becomes frequency-dependent. These changes will be
most prominent in the Love numbers for spherical harmonic degrees
10-100, equivalent to load distances of up to ~300 km in the Green’s
functions. These spatial scales correspond to significant mass loads
acting on the Earth’s surface: not only ocean tide loading but seasonal
atmospheric pressure and hydrological loading. Measurement and
modelling of the latter in particular depends on knowing accurate
values of the Love numbers h’ (for GNSS and other geometric
techniques) and k’ (for GRACE).

Figure 2a. Residual phasors of M2 harmonic vertical. displacements at 
259 GNSS sites, compared with computed OTL using the FES2012 ocean 
tide model and a purely elastic Earth model based on PREM (from [6]). 

Figure 2b.  Residual M2 vertical harmonic 
phasors using an empirically-tuned variant of 
PREM including asthenospheric anelasticity [6], 
and using the S362ANI [7] anelastic Earth model.

We illustrate the effect of Earth model on
seasonal surface mass loading by considering
the difference between vertical displacements
computed using Love numbers appropriate to
short periods (3 h) and those for annual
periods for a range of dependencies of Q.
These differences can amount to 5% of the
signal, even for weak frequency dependence of
Q, and exceed 10% (> 1 mm) for larger ,
which corresponds to a Q value similar to that
of a weak viscous rheology at annual periods.

Figure 3.  Real and imaginary vertical load Love numbers (L) and the real-valued part of the vertical loading Green’s function (R) for an anelastic PREM-based 
model with =0 at near-seismic (3 h) period, and differences from these at semi-diurnal, weekly, diurnal, fortnightly, monthly, semi-annual and annual periods 
(thin lines coloured blue through red, scaled). Plots are shown for weak (=0.1) and strong (=0.3) frequency dependence of Q.

Figure 1.  Upper panel:  Variation of asthenospheric Q with 
period T, for the PREM Earth model [5] with absorption band 
frequency dependence above T=200 s (pale grey), T=54 m 
(red), and T=12 h (green).  Q then decays as T - (=0.2, 0.25, 
0.3 shown as thin, dashed and bold lines; constant Q shown as 
very thin line) until the upper period of the absorption band is 
met (thin black lines ascending to the right for Q proportional 
to T).  At longer timescales, steady-state rheology with Q
proportional to 1/T dominates, shown for Maxwell rheology 
with viscosities 1018 and 1019 Pa s (thick grey lines).
Lower panels:  Variations of the real and imaginary parts of , 
and its magnitude (normalised by the elastic value 0), for the 
Q = T - models described above.
Vertical bands show semi-diurnal, diurnal, fortnightly and 
monthly tidal periods (blue), and seasonal periods (green).

0.7 mm mean, 
2.8 mm max

0.3 mm mean, 
1.5 mm max

lower Q at seismic periods. This suggests that
anelastic effects could be relevant even to seasonal
timescales, at which point viscous rheology dominates.

Figure 4.  Illustrative annual cosine and sine surface mass loading displacement, using a fit to the CPC/NCEP hydrology and 
atmospheric pressure models, computed using short-period Love numbers (top) and those for an anelastic model at annual 
period (middle).  Differences (x10) are in the lower panels.  Left/right groups:  weak/strong frequency dependence of Q.
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