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1 INTRODUCTION

SUMMARY

Secular variations in zonal harmonics of Earth’s geopotential based on the satellite laser
ranging observations, .J,, contain important information about the Earth’s deformation due to
the glacial isostatic adjustment (GIA) and recent melting of glaciers and the Greenland and
Antarctic ice sheets. Here, we examine the GIA-induced J,,, J'* (2 < n < 6), derived from
the available geopotential zonal secular rate and recent melting taken from the IPCC 2013
Report (ARS5) to explore the possibility of additional information on the depth-dependent
lower-mantle viscosity and GIA ice model inferred from the analyses of the J$'* and relative
sea level changes. The sensitivities of the J' GIA to lower-mantle viscosity and GIA ice model
with a global averaged eustatic sea level (ESL) of ~130 m indicate that the secular rates for
n = 3 and 4 are mainly caused by the viscous response of the lower mantle to the melting of
the Antarctic ice sheet regardless of GIA ice models adopted in this study. Also, the analyses
of the J' GIA based on the available geopotential zonal secular rates indicate that permissible
lower-mantle viscosity structure satisfying even zonal secular rates of » = 2, 4 and 6 is
obtained for the GIA ice model with an Antarctic ESL component of ~20 or ~30 m, but there
is no viscosity solution satisfying J$' and J$' values. Moreover, the inference model for
the lower-mantle viscosity and GIA ice model from each odd zonal secular rate is distinctly
different from that satisfying GIA-induced even zonal secular rate. The discrepancy between
the inference models for the even and odd zonal secular rates may partly be attributed to
uncertainties of the geopotential zonal secular rates for n > 2 and particularly those for odd
zonal secular rates due to weakness in the orbital geometry. If this problem is overcome at
least for the secular rates of 7 < 5, then the analyses of the J'* would make it possible to
put more convincing constraints on the lower-mantle viscosity structure and GIA ice model,
particularly for the controversial Antarctic melting history in GIA community.

Key words: Earth rotation variations; Time variable gravity; Rheology: mantle.

Mitrovica et al. 2015; Nakada et al. 2015), and therefore it is re-
quired to independently estimate the recent melting contribution in

Rate of change of degree-two (n = 2) zonal harmonic of the Earth’s
geopotential, J,, is dominantly attributed to the Earth’s deforma-
tion associated with the glacial isostatic adjustment (GIA) due to
the last glacial cycle and therefore provides important constraints
on mantle viscosity (e.g. Nakiboglu & Lambeck 1980; Sabadini
et al. 1982; Yuen et al. 1982; Yoder et al. 1983; Rubincam 1984;
Wu & Peltier 1984; Vermeersen et al. 1997; Tosi et al. 2005; Peltier
2007; Mitrovica et al. 2015; Nakada et al. 2015). The geodetically
derived geopotential zonal secular rate is, however, significantly af-
fected by recent melting of glaciers and the Greenland and Antarctic
ice sheets (e.g. Peltier 1988; Sabadini et al. 1988; Ivins et al. 1993;
Mitrovica & Peltier 1993; Nakada & Okuno 2003; Tosi et al. 2005;

inferring mantle viscosity. An independent estimate of the J, due to
recent melting is actually possible. Roy & Peltier (2011) and Cheng
et al. (2013) indicated a gradual deceleration in the rate of the de-
crease in J, after ~1990 by analysing the satellite laser ranging
(SLR) observations for the period of 1976-2011, which suggests
that the changes in the more recent time-series are attributed to the
impacts of surface mass redistribution due to recent melting. That
is, the contribution from recent melting and GIA processes may be
separable if we incorporate modern recent melting history taken
from the IPCC 2013 Report (Vaughan ef al. 2013). In fact, Nakada
et al. (2015) estimated GIA-induced J, of —(6.0-6.5) x 10~ yr!
by considering the geodetically derived J, (Roy & Peltier 2011;
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Cheng et al. 2013) and recent melting by Vaughan et al. (2013), and
inferred two permissible solutions for the lower-mantle viscosity,
~10%? and (5-10) x 10?* Pa s, based on the simple three-layer vis-
cosity model characterized by elastic lithospheric thickness, upper-
and lower-mantle viscosities (see also Mitrovica et al. 2015). How-
ever, Nakada & Okuno (2016) indicated that analyses of the J,
based on the two-layer lower-mantle viscosity model with two lay-
ers in the lower mantle (see Section 2.1) only require a viscosity
layer higher than (5-10) x 10°! Pa s for a depth above the core—
mantle boundary (CMB). Lau et al. (2016) inferred a similar solu-
tion for the lower-mantle viscosity from inversion study of the J,
datum.

More detailed radial viscosity structure is derived from GIA stud-
ies using ./, and relative sea level (RSL) changes with different ra-
dial sensitivities to viscosity structure of the mantle (Lau et al. 2016;
Nakada & Okuno 2016). For example, Lau ef al. (2016) estimated
a mean upper-mantle viscosity of ~3 x 10* Pa s, average viscos-
ity of 10?! Pa s from 670 to ~1500km depth and 10*>~10% Pa s
in the deep mantle based on the J,, postglacial decay times in
Canada and Scandinavia, the Fennoscandian relaxation spectrum
and late-Holocene differential sea level highstands at sites in Aus-
tralia. Nakada & Okuno (2016) also inferred a similar viscosity
solution for the upper mantle and in the deep mantle from the
J,, sea levels at the Last Glacial Maximum (LGM) for Barbados
(Fairbanks 1989; Peltier & Fairbanks 2006) and Bonaparte Gulf
in Australia (Yokoyama et al. 2000), and late-Holocene differen-
tial sea level highstand for Karumba and Halifax Bay in Australia
(Nakada & Lambeck 1989). However, the lower-mantle viscosity
above the mid-lower mantle is higher than that by Lau ez al. (2016);
namely, higher than 3 x 10! Pa s for 670—1191 km depth or 10?2 Pa's
for 670-1691 km depth. It should be noted that the viscosity jump
in the deep mantle has already been inferred from plausible tem-
perature profiles and high-temperature creep in olivine (Ivins et al.
1993), postglacial decay times in Canada and Scandinavia (Mitro-
vica 1996), rotational variations of the Earth (Vermeersen et al.
1997) and joint inversions of GIA and convection data sets (Mitro-
vica & Forte 2004).

On the other hand, Ivins et al. (1993) and Mitrovica & Peltier
(1993) discussed the zonal secular rates, J, (n > 2), to explore
radial viscosity variations in the lower mantle for varying distance
of the step-like viscosity variation interface in the lower mantle.
Ivins et al. (1993), using GIA ice models of ICE2 (Wu & Peltier
1983) and ICE3G (Tushingham & Peltier 1991) and geopoten-
tial zonal secular rates by Cheng et al. (1989), pointed out that
the zonal secular rates for n > 2 provide important constraints
on the lower-mantle viscosity and also that the Antarctic melting
history significantly influences estimation of lower-mantle viscos-
ity. The most significant difference between the ICE2 and ICE3G
is the period of the Antarctic melting; namely, 18-8 kyr BP for
the ICE2 and 10-5 kyr BP for the ICE3G. Mitrovica & Peltier
(1993) mainly examined the sensitivities of the zonal secular rates
to viscosity structure of the mantle based on the ICE3G and indi-
cated that the rates for » > 5 are more sensitive to variations in
the upper-mantle viscosity. On the other hand, Tosi et al. (2005),
using the ICE3G and secular rates up to degree 8 (e.g. Cheng
et al. 1997), inferred the viscosity structure by considering recent
melting of the Antarctic and Greenland ice sheets, and obtained
a value of the order of 10 Pa s for the upper-mantle viscos-
ity and an average lower-mantle viscosity of 10*> Pa s (see also
Devoti et al. 2001).

These studies suggest that GIA studies using the geopotential
zonal secular rates for n > 2 provide additional constraints on
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the mantle viscosity inferred from the J, and RSL changes (Lau
et al. 2016; Nakada & Okuno 2016), particularly on the lower-
mantle viscosity above the mid-lower mantle, if we incorporate the
sensitivities of the J, (n > 2) to the melting history due to the
last deglaciation and also the contribution from recent melting of
glaciers and the Greenland and Antarctic ice sheets updated and
extended by Vaughan et al. (2013). Particularly, it may be impor-
tant to examine the sensitivities to the Antarctic melting history
more systematically than the sensitivity analysis using the ICE2
and ICE3G by Ivins et al. (1993). Here, we examine the mantle vis-
cosity and melting history due to the last deglaciation, particularly
for the Antarctic ice sheet, by considering the available geopoten-
tial zonal secular rates for n > 2 (Cheng et al. 1989, 1993, 1997;
Cazenave et al. 1996; Nerem & Klosko 1996; Cox & Chao 2002)
and recent melting by Vaughan et al. (2013). However, we first point
out that the zonal secular rates for n > 2 may be available only for
the period of 19762002 as far as we know, and therefore we cannot
discuss the mantle viscosity and GIA ice model based on the method
adopted for the J, (Nakada ez al. 2015) using temporal variations
in zonal secular rates for the period of 19762011 by Roy & Peltier
(2011) and Cheng ef al. (2013). The paper is organized as follows.
In Section 2, we explain the viscosity models and recent and GIA
ice models. In Section 3, we examine the sensitivities of the J,
to recent and GIA ice models and viscosity model. In Section 4,
we infer the viscosity structure based on the results in Section 3
and observationally derived GIA-induced zonal secular rates for
n < 6, and the results obtained in this study are summarized in
Section 5.

2 MODEL ADOPTED IN THIS STUDY

2.1 Earth model

We adopt the seismological PREM (Dziewonski & Anderson 1981)
for density and elastic constants, as used also in recent studies of
Earth’s rotation for long mantle convection and short earthquake
timescales (Cambiotti ef al. 2011, 2016), and two typical viscosity
models used by Nakada & Okuno (2016). One of the viscosity
models is a simple three-layer viscosity model usually used in GIA
study (e.g. Wu & Peltier 1984; Lambeck et al. 2014) and described
by elastic lithospheric thickness (H), upper-mantle viscosity above
670 km depth (1,,) and lower-mantle viscosity (7). The other is a
two-layer lower-mantle viscosity model with two layers in the lower
mantle. The values for H and 7, are identical in both viscosity
models and adopted values for A and 1, are: H = 65 and 100 km
and 7um = (1, 2, 3, 4, 5, 7, 10) x 10* Pa s. The lower-mantle
viscosities for the simple three-layer viscosity model are (1, 2, 5,
10,20, 50, 100) x 10*' Pas, and the lower-mantle viscosity structure
for the two-layer lower-mantle viscosity model is characterized by
the viscosity from 670 to D km depth, n¢70.p, and the viscosity from
D0 2891 km depth (CMB), np 2591. We adopt 1191 and 1691 km for
D-value and examine the GIA-induced J, (n = 2-7) for viscosity
models with 76700 < 1p2s91- The results for 7700 > 1p 2891 are
nearly similar to those for the simple three-layer viscosity model
with 71, = 1670, as obtained for the J, by Nakada & Okuno (2016),
although we do not show the results here. The adopted values for
np.asor are (10, 20, 50, 100) x 10*! Pa s inferred from recent GIA
studies by Nakada & Okuno (2016) and Lau et al. (2016). The
viscosity model with np 2301 = 10% Pa's, for example, is referred
to as VL100(D), and this type viscosity model is also referred to as
VL(D) here.
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2.2 Recent melting model

The melting models for the period of 1900—present are the same
as those by Nakada ef al. (2015) based on an extensive review of
the melting of glaciers and the Greenland and Antarctic ice sheets
by Vaughan et al. (2013) in the IPCC 2013 Report (ARS5). The
ice models are as follows: MG1 for glaciers, GREENg for glaciers
peripheral to the Greenland ice sheet, GREEN for the Greenland ice
sheet including the peripheral glaciers and ANT for the Antarctic
ice sheet (see Table 1). Each ice model is approximated by several
disc loads, and the values of equivalent sea level rise (ESLR) with
uncertainty range of 90 per cent for three periods, 1900-1990, 1991—
2001 and 20022011, are based on the results of tables 4.5 and 4.6
by Vaughan et al. (2013). For the MG1, the distribution of glaciers
and the height change rate of each disc load are derived from table
4.2 and figs 4.8 and 4.11 in ARS, respectively. The distribution of
glaciers for the GREENg describing the melting for 1900-1990 is
based on the results of fig. 4.8 in ARS5. GREEN ice model is derived
from the results of fig. 4.13 in ARS, and has different ESLR values
for the periods of 1991-2001 and 2002-2011. The melting model
of the Antarctic ice sheet, ANT, is based on the results of fig. 4.14
in AR5 and the disc loads except for the West Antarctica are wholly
growing. Here, we examine the impacts of recent Antarctic melting
on the J, (n = 2-7) based on the ANTw model with melting disc
loads limited to the West Antarctica (see fig. le in Nakada et al.
2015). The ESLR values for adopted melting models are shown in
Table 1.

2.3 GIA ice model

We adopt six simplified GIA ice models constructed based on the
method by Lambeck (1993) using ice sheet dynamics that the max-
imum ice thickness at the centre of ice sheet is proportional to
the square root of the distance of the ice margin from the centre
(Paterson 1971). We assume that the areas of the North American,
Fennoscandian, Greenland and Antarctic ice sheets for the LGM at
~21 kyr BP are the same as those for the ICE5G (Peltier 2004),
and those at an arbitrary time are proportional to the ice volume
derived from an equivalent sea level (ESL) component of each ice
sheet (Nakada et al. 2016). The ESL is defined as the change in
meltwater volume divided by the surface area of the ocean at the
present day. These ice models are inferred from the LGM sea levels
at Barbados (Fairbanks 1989; Peltier & Fairbanks 2006) and Bona-
parte Gulf in Australia (Yokoyama et al. 2000) and their differential
value, RSL change at Tahiti (Bard ef al. 1996; Deschamps et al.
2012), and RSL changes after ~6 kyr BP at Karumba and Halifax
Bay in Australia (Chappell et al. 1983; Nakada & Lambeck 1989)
and the differential value for the sea level highstands at ~6 kyr
BP (Nakada & Okuno 2016). These models have an identical ESL
history, ESL;js(#) (Total ESL in Fig. 1a), with total ESL component
of 127.9 m that is 10 m larger than that for the ICESG (version
2.1) and identical to the initial model used in the inversion study
for far-field sea level data by Lambeck ez al. (2014), referred to as
ANU ice model here.

We adopt IA10, IA20 and IA30 ice models by Nakada & Okuno
(2016), in which all ice sheets for IA10, [A20 and IA30 melt syn-
chronously based on the ESL history, ESLjA(#). The Antarctic ESL
component (ESLgy) reflects uncertainties of the melting history of
the Antarctic ice sheet (e.g. Nakada & Lambeck 1988; Nakada et al.
2000; Peltier 2004; Whitehouse et al. 2012; Ivins et al. 2013; Lam-
beck et al. 2014), and 9.3 m (~10 m) for the IA10 [similar to the
glaciological reconstruction by Whitehouse ef al. (2012)], 18.7 m

(~20 m) for the IA20 [similar to that for the ANTS by Nakada et al.
(2000) and the same as that for the ICESG] and 28.0 m (~30 m)
for the IA30 (similar to that for the ANU). These ice models are
referred to as IA ice models here. The Northern (NH) and Southern
Hemisphere (SH) ice models for the IA10, for example, are denoted
as JA10(N) and IA10(S), respectively. The ESL histories for these
ice models are shown in Fig. 1. In these ice models, the rapid ESL
rise at ~14.5 kyr BP reflects the observed RSL changes at Tahiti
(Nakada et al. 2016) and the ESL history during the past ~6 kyr
(total ESL rise of ~2.5 m after 6 kyr BP) is inferred from the ob-
served late-Holocene RSL changes at Karumba and Halifax Bay
and their differential sea level highstand at ~6 kyr BP (Nakada &
Lambeck 1989; Nakada & Okuno 2016).

We also discuss the GIA-induced J, based on other three ad-
ditional ice models, IR10, IR20 and IR30 (referred to as IR ice
models here), because the secular rates for n = 3—7 are significantly
sensitive to the time-dependent melting history of the Antarctic ice
sheet as indicated by Ivins et al. (1993) using ICE2 and ICE3G
ice models. The melting of the Antarctic ice sheet for the ICESG
(ESLsy ~ 20 m) mainly occurs for 12—6 kyr BP and its ESL history
after 12 kyr BP is nearly similar to that for the ANTS by Nakada
et al. (2000) inferred from the RSL data in Antarctica [see also
ANT4 in Nakada & Lambeck (1989)]. Here, we adopt the ICE5G
commonly used in GIA community to construct IR ice models
(Fig. 1). The ESL history of the IR20 Antarctic ice model before 6
kyr BP is the same as that for the ICESG, ESLsg A (¢) and the melting
ice thicknesses at all sites for the IR20, IR20(S), are proportional to
the ESLsg (7). The total ESL rise after 6 kyr BP for the ICES5G is
~2.5 m, attributing to the Antarctic melting for 65 kyr BP. Here,
we adopt the gradual Antarctic melting after 6 kyr BP satisfying the
RSL changes at Karumba and Halifax Bay (Fig. 1b). The additional
10.1 m compared to the ESL component of ICE5G (~118 m) is dis-
tributed to the Laurentide, Fennoscandian and Greenland ice sheets
by considering their ESL components for the ICESG, and these ice
sheets melt synchronously based on the ESL history of [ESL;A(?)
— ESLsg a(#)]. The melted ice thicknesses at time ¢ for Antarctic
IR10 ice model are half for the IR20. Those for the IR30 before
6 kyr BP are one-and-a-half times as large as those for the IR20,
and those after 6 kyr BP are the same as those for the IR20. That
is, the overarching difference between the two series, A and IR ice
models, is simply the assumed timing history.

3 RESULTS

3.1 J, due to recent melting after ~1900

We evaluate the J,, (n = 2—7) due to recent (after ~1900) melting of
glaciers and the Greenland and Antarctic ice sheets, J*™. The ESLR
values are different in three periods of 1900-1990, 1991-2001 and
2002-2011 because of the accelerated melting of glaciers and both
ice sheets after ~1990. The acceleration is also consistent with the
observed temporal variations of J, (Roy & Peltier 2011; Cheng
et al. 2013). In this study, we mainly discuss the zonal secular rates
for two periods of 1900-1990 and 2002-2011 as was examined by
Nakada et al. (2015).

Table 1 summarizes the J RM for three periods based on the recent
melting models and viscosity model with H = 65 km, n,, =4 x 10%
and 9, = 10% Pa s. These estimates are almost insensitive to the
viscosity model because the Earth response is essentially elastic
on these timescales (e.g. Mitrovica & Peltier 1993; Nakada et al.
2015). For MG1, GREEN and ANT ice models, the JRM value
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Figure 1. ESL histories as a function of time for GIA ice models adopted
here. The ESL history for all IA and IR ice models is denoted by ‘Total ESL,
and the ESL histories for the Northern and Southern (Antarctic) Hemisphere
ice sheets for the IA30 with an Antarctic ESL component of ~30 m, for
example, are shown by IA30(N) and IA30(S), respectively. The ESL is
defined here as the change in meltwater volume of all grounded ice divided
by the surface of the ocean at the present day.

for each period is proportional to its ESLR value because each ice
model has identical melting area for the period from 1900 to 2011.
This is not true for the GREENg and GREEN for the Greenland
ice sheet and for the ANTw and ANT for the Antarctic ice sheet.
The melting areas of the GREENg are different from those for
the GREEN, and the melting disc loads for the ANTw are limited
to the West Antarctica in contrast to the ANT (Section 2.2). The
difference between the JRM values for the GREENg and GREEN
is negligibly small as inferred from the J’M values for 1900-1990
(GREENg) and 1991-2001 (GREEN) and ESLR values for both
periods. However, the J®M magnitude for the ANTw is larger than
that for the ANT for all degree components, which is particularly
significant in the rates forn = 5, 6 and 7.

We next examine the JRM for the total recent melting model: the
model corresponding to the Total column in Table 1. An important
point in discussing the secular rate is that the secular rates for n = 3,
5 and 7 are positive for the Greenland melting models (GREEN and

GREENg) and negative for the Antarctic ones (ANT and ANTw)
and those for n = 2, 4 and 6 are positive for these melting models
(Table 1). This is because the odd-degree Legendre function is
asymmetric to the equator and the even one is symmetric. For the
total recent melting model, consequently, the rates for n = 2, 4 and
6 in the period of 2002-2011 are about three times as large as than
those for 1900—-1990 even for an adoption of the ANTw, while such
a significant change is not predicted for the odd zonal rates. The
difference between the J RM values for three periods is insignificant
regardless of the melting models of the ANTw and ANT. However,
the secular rates for » = 5 and 7 significantly decrease with time
because of the dominant contribution from the Antarctic melting,
which is particularly clear if we adopt the ANTw.

These degree-dependent characteristics of the JRM would be cru-
cial in inferring the GIA-induced J,, JS'4, from geodetically de-
rived geopotential zonal secular rate, JO%, and the rate due to recent
melting, J”M. The GIA-induced J,, for each degree can be regarded
as constant (time-independent) during the past ~100 yr, since the
J, in the postglacial phase after ~6 kyr BP is determined solely
by viscous relaxation processes. That is, if the recent melting mod-
els adopted here are wholly correct, then the difference between
the JOBS values for different periods would arise from accelerated
melting after ~1990 of glaciers and the Greenland and Antarctic
ice sheets. In fact, this relation may be almost true for the J9BS
(Nakada et al. 2015).

3.2 GIA-induced J, for the simple three-layer
viscosity model

We examine the sensitivities of the GIA-induced J, to the viscosity
structure and GIA ice model based on the simple three-layer vis-
cosity model. Fig. 2 shows the contour maps of the zonal secular
rates (n = 2-7) for IA10, IA20 and IA30 ice models based on the
viscosity models with lithospheric thickness (H) of 65 km. We ex-
plain the meaning of colour regions in Section 4. The secular rates
for H = 100 km and the IA20 (red dashed lines) indicate that the
rates are almost equal to those for H = 65km, and we therefore
examine the rates for H = 65 km in the following discussion. The
secular rates are negative for n = 2—4 and positive for n = 5-7 for
these ice models in adopted viscosity range. The rates for n = 2
are nearly insensitive to GIA ice model as was indicated by Nakada
et al. (2016). The J; magnitude significantly decreases with in-
creasing ESL component of the Antarctic (SH) ice sheet, ESLgy.
For example, the rate at nym ~ 2 x 10%° and 5, ~ 2 x 10> Pas
is about —2.5 x 10~ yr~! for the IA10 and 0.1 x 10! yr~! for
the IA30. The magnitude of the rates for n = 4, 5 and 7 increases
with increasing ESLgy value, and that for n = 6 decreases with
increasing ESLgy value. The rate for n = 4 at 1, ~ 2 x 10*° and
Nm ~ 2 x 10 Pa s is about —1.6 x 10~'" yr~! for the IA10 and
-3.2 x 107" yr~! for the 1A30, and that for n = 5 is 3.0 x 107!
yr~! for the IA10 and 4.4 x 107! yr~! for the IA30. Fig. 3 shows
the secular rates for IR10, IR20 and IR30 ice models. The rate for
n = 2 is also less sensitive to the ice model. In the J$'A, the dif-
ference between the rates for the IR10 and IR30 is larger than that
for the IA10 and IA30, and also the rates for the IR30 are positive
in contrast to negative for the IA30. The rate at 5y, ~ 2 x 10%°
and 1y, ~ 2 x 10%? Pa s is about —2.0 x 10~ yr~! for the IR10
and 1.0 x 107" yr~! for the IR30. The sensitivities of the rates
for n = 3-7 are wholly similar to those for IA ice models. Thus,
the rates for n = 37 are sensitive to GIA ice model as well as the
viscosity structure.
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Figure 2. Contour maps of GIA-induced J,, (2 < n < 7) based on TA10, TA20 and TA30 ice models and simple three-layer viscosity models with lithospheric
thickness (H) of 65km, and those for the IA20 and H = 100 km. Permissible viscosity ranges satisfying observationally derived J, of —(6.0-6.5) x10~!!
yr~! (Nakada et al. 2015) is shown by blue colour, and the regions shown by orange and green colours indicate the permissible viscosity ranges based on the
GIA-induced zonal secular rates using the geopotential zonal secular rates by Cheng et al. (1997) and Cox & Chao (2002), respectively (see Table 2). The
comparison between the observationally derived and predicted zonal secular rates is discussed in Section 4.

To clearly understand the sensitivity of the GIA-induced J,
(n = 2-7) to ice and viscosity models, we examine the secular
rates for the NH and SH ice models in more detail based on the
viscosity models with upper-mantle viscosity (7,,) of 2 x 10%° Pa's
and lithospheric thickness (H) of 65km. The essential points for
the sensitivity do not change even if we adopt H = 100 km or other
upper-mantle viscosities as inferred from the rates predicted for
the IA20 shown in Fig. 2. Figs 4(a) and (b) show the J$'* as a
function of lower-mantle viscosity (1) for IA and IR ice models,
respectively. For the NH and SH ice models, the rates are negative
in a range of N, = (1-100) x 10*' Pa s and the magnitude is
proportional to the ESL component. The relation between the J$'*
magnitude and ESL component is true for other zonal secular rates.
Here, we examine the sensitivity to GIA ice model based on the
predicted rates at 1y, = 2 x 10%> Pa s. The value is —6.9 x 107!
yr~! for the IA10 and —7.4 x 107! yr~! for the IA30. Those for the
NH ice models of IA10(N) (ESLyu ~ 120 m) and IA30(N) (ESLyn
~ 100 m) are 6.1 x 107" and —5.1 x 107'" yr~!, respectively.
The contribution from the SH ice sheet is —0.7 x 10~'! yr~! for the
IA10(S) (ESLsy ~ 10 m) and 2.2 x 107! yr~! for the IA30(S)

Fig. 4(b) shows the J$' for IR ice models. The rate at 1, =
2 x 102 Pasis —7.0 x 10~'" yr~! for the IR10 and -7.9 x 10~
yr~! for the IR30. The rate is —5.8 x 10~ yr~! for the IR10(N) and
—4.4 x 107" yr~! for the IR30(N), and those for the IR10(S) and
IR30(S) are —1.1 x 107" and —3.4 x 107! yr~!, respectively. The
comparison between the secular rates for IA and IR Antarctic ice
models with an identical ESL component clearly indicates that the
magnitude for the IR is (1.5-1.6) times as large as that for the IA.
This would be attributed to the melting period of the Antarctic ice
sheet that the onset time for the melting of the IA is 21 kyr BP, while
that for the IR is 12 kyr BP (Fig. 1). For the NH IA and IR ice models
with an identical ESL component, for example, for the IA30(N) and
IR30(N), the J $1" magnitude for the IR is smaller than that for the
IA. As a consequence of these sensitivities of the J$'* to both
hemisphere ice models, the rates at n;,, = 2 x 10*? Pa s are nearly
similar for IA and IR ice models with identical ESL components
for both hemisphere ice sheets. This is true for the GIA-induced J,
predicted for viscosity models with 7, = (1—100) x 10! Pas.

Figs 4(c) and (d) show the GIA-induced J; as a function of
lower-mantle viscosity for IA and IR ice models, respectively. The
secular rates in a range of n;,, = (1—100) x 10?' Pa s are negative

20z Iudy €0 uo 3senb Aq G0z/220€/0991/€/60z/210Me/IB/woo dno-oiwspese//:sdpy woly papeojumoq



1666 M. Nakada and J. Okuno

(H) IR10J (int.= 0.25)

102 g

Rz

\

102[

(h) IR20 J, (int=0.1)
1 1 H

N

10%

(n) IR30 J, (int.= 0.05)

10%!

Lower mantle viscosity (Pa s)
=)

(r) IR30 J, (int=0.25)
- T U

107

1022 S

102!
1020 1021 1020

1021 1020

1021 1020

L

1021 1020 1021 1020 102]

Upper mantle viscosity (Pa s)

Figure 3. As in Fig. 2, except for IR10, IR20 and IR30 ice models.

for all NH ice models and positive for all SH ones. This relation is
different from that for the J$'*, which is attributed to the fact that
the degree-three Legendre function is asymmetric to the equator
and the degree-two is symmetric. Here, we examine the sensitivity
of the J 1A to GIA ice model from a viewpoint of its sensitivity to
ESL component and melting period of the Antarctic ice sheet. We
first discuss the sensitivity to the ESL component (ESLgy) based
on the rates at i, = 2 x 10*2 Pa s. The values for the IA10 and
IA30 are about —2.5 x 107" and 0.3 x 107! yr~!, respectively,
and the difference is ~2.2 x 107!! yr~!. The difference between
the rates for the IA10(N) and TA30(N) is 0.6 x 107! yr~! and that
for the IA10(S) (ESLsy ~ 10 m) and IA30(S) (ESLsy ~ 30 m) is
1.7 x 107" yr~'. That is, change in J$'* magnitude for the IA10
and IA30 is mainly attributable to the Antarctic ESL component.
This is true for the secular rate for IR ice models (Fig. 4d). That is,
the rate at ny, =2 x 10?2 Pasis—2.0 x 10! yr~! for the IR10 and
1.0 x 107" yr~! for the IR30, and the NH and SH contributions
for the difference (3.0 x 107" yr~') are about 0.6 x 107" and
2.3 x 107" yr!, respectively. These sensitivities inferred from the
secular rates for IA and IR ice models indicate that the Antarctic
ESL component plays an important role on the GIA-induced J5.
We next discuss the sensitivity of the J$'* to the melting period
of the Antarctic ice sheet (Fig. 1). Fig. 4(c) indicates that the secular
rates for NH ice models at a given 7y,,, value change insignificantly
for IA10, IA20 and IA30 ice models, and the difference between

the rates for these ice models is at most ~0.6 x 10! yr=!. This is
true for IR ice models (Fig. 4d). Moreover, the rate at a given ny,
is nearly similar for the NH IA and IR ice models with an identical
ESLyn model [see, e.g. the rates for the IA30(N) and IR30(N)].
However, there is a significant difference between the rates for
the Antarctic ice models with an identical ESL component. For
example, the maximum J§' value is ~2.6 x 10~'" yr~! for the
IA30(S) and ~3.6 x 107! yr~! for the IR30(S), and consequently,
the secular rates are positive for the IR30, while negative for the
IA30. We also note that the rates for the IA30 are nearly similar
to those for the IR20; namely, 0 to 0.3 x 10" yr~! for the IA30
and — 0.4 x 107" t0 0.3 x 10~"" yr~! for the IR20. This is caused
by the viscous response to the melting of the Antarctic ice sheet
that the secular rates for the IA30(S) (ESLsy ~ 30 m) are nearly
equal to those for the IR20(S) (ESLsy ~ 20 m), suggesting that the
contribution from the melting before ~12 kyr BP for the IA30(S)
is significantly smaller than that after ~12 kyr BP (see Fig. 1). That
is, the melting period of the Antarctic ice sheet plays an important
role on the GIA-induced J5 as was indicated by Ivins ef al. (1993)
using the ICE2 and ICE3G.

We examine the GIA-induced J,. Figs 4(e) and (f) show the
zonal secular rates for IA and IR ice models, respectively. The NH
and SH contributions are negative for all ice models, which is the
same as that for the J$'*. The most significant difference between
the predicted zonal secular rates for n» = 2 and 4 is that the NH
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Figure 4. GIA-induced J,,(2 < n < 7) for IA10, IA20, TA30, IR10, IR20 and IR30 ice models and their Northern and Southern Hemisphere ice models based
on the simple three-layer viscosity models with upper-mantle viscosity (7um) of 2 x 10?° Pa s and lithospheric thickness (H) of 65 km.

contribution is significantly small compared with the SH one in
the J$'. For all NH ice models, the J$'* magnitude is less than
1.0 x 107" yr~! and also the maximum difference between the
predicted rates at a given 1, is at most 0.2 x 10~!'! yr~!. That is,
the sensitivity of the secular rate to GIA ice model is mainly de-

termined by the response to the melting of the Antarctic ice sheet.
For example, the rates at ny, = 2 x 10*2 Pa s are -0.9 x 107!
yr! for the TA20(N), —1.5 x 10~'"" yr~! for the IA20(S) and
2.4 x 107" yr~! for the IA20 (Fig. 4e). This trend is more clear
for IR ice models; namely, —0.8 x 107" yr=! for the IR20(N),
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—2.2 x 107" yr~! for the IR20(S) and -3.1 x 10" yr~! for the
IR20 (Fig. 4f). Also, the secular rates predicted for the IA30 are
nearly similar to those for the IR20 as was obtained for the J$',
which is explained by considering the GIA-induced J, values for
the TA30(S) and IR20(S).

The GIA-induced Js values for IA and IR ice models are shown
in Figs 4(g) and (h), respectively. The NH and SH contributions
are positive for all ice models. The secular rate for NH ice models
is less sensitive to GIA ice model and the rates are nearly similar
for NH ice models with an identical NH ESL component (ESLyy),
for example, for the IA30(N) and IR30(N). Also, the difference
between the rates at a given ny, for NH ice models is less than
0.5 x 10~'" yr~!. That is, the sensitivity of the rate to GIA ice
model is mainly determined by the response to the melting of the
Antarctic ice sheet. Also, the rates for the IA30 are almost similar
to those for the IR20 as was obtained for the J§'* and J{'A.

The J$' values for A and IR ice models are shown in Figs 4(i)
and (j), respectively. The rates for NH ice models are positive and
those for SH ones are negative. The sensitivities to GIA ice model
is nearly the same as those for the JS'. Figs 4(k) and (1) show the
GlA-induced J; for IA and IR ice models, respectively. The NH
and SH contributions are positive for all ice models. Although the
sensitivities are wholly the same as those for the J$'*, the J$A
values for both hemisphere ice models equally contribute to the
rates for IA and IR ice models as was derived from the secular rate
forn=6.

3.3 GIA-induced J, for the two-layer lower-mantle
viscosity model

The GIA-induced J, for the two-layer lower-mantle viscosity
model, VL(D), has been discussed by Nakada & Okuno (2016)
in detail, and we therefore examine the JS'* for n = 3-6 here. Al-
though we examine the secular rates based on the viscosity models
with n,m = 2 x 10%° Pa s, the sensitivity to 7670,p value (viscosity
from 670 to D km depth) for a fixed np 59, value (viscosity from
D to 2891 km depth) is generally applicable to those for the upper-
mantle viscosities of (1—10) x 10?° Pa s. The sensitivity to 7¢70.p
value is also applicable to that for the secular rate of n» = 2 (Nakada
& Okuno 2016).

Fig. 5 shows the GIA-induced J; values for IA10, 1A20, IA30
and IR20 ice models based on the VL viscosity model as a func-
tion of n470,p, and those for the simple three-layer viscosity model
(denoted by 3L in Fig. 5) as a function of lower-mantle viscosity
(11m). We discuss the J§* for the IA10 (Fig. 5a) in detail. The J§'
magnitude for the simple three-layer viscosity model increases with
decreasing lower-mantle viscosity in a range of 2 x 102 < ny <
10% Pas. The increase of J$'* magnitude with decreasing 770,191
for the VL100(1191) and 7670,1691 for the VL100(1691) is explained
by reference to the predicted rates at n,, =2 x 10?2 and 10?* Pa s for
the simple three-layer viscosity model. That is, the effective lower-
mantle viscosity for the VL100(1191) and VL100(1691) (10% Pas
below 1191 and 1691 km depth, respectively) decreases with de-
creasing 1701191 and 76701601, and consequently change in J g“A
magnitude with decreasing 7¢70,1191 (1670,1601) 1S expected to take a
similar trend of the secular rate for the simple three-layer viscosity
model that the magnitude increases with decreasing 1, from 10? to
2 x 10?2 Pas. The magnitude for the VL20(1191) and VL20(1691)
(also VL10) decreases with decreasing 1¢70.1191 and 1e70,1691, Which
is also explained if we consider the rates for 1y, <2 x 10?> Pa s in
the simple three-layer viscosity model.

The J§' magnitude for 16701601 <2 x 10%' Pasin VL100(1691)
viscosity model is, however, inconsistent with the trend for the
VL100(1191) discussed above, and the magnitude decreases with
decreasing 7470,1691. The effective lower-mantle viscosity for such
a viscosity model may be smaller than 2 x 10%? Pa s for the sim-
ple three-layer viscosity model, and consequently change in J§'
magnitude would take a trend of the rate for the simple three-layer
viscosity model that the magnitude decreases with decreasing 7y,
for i < 2 x 10?2 Pas. The sensitivity of the J§' to the viscosity of
ne70.p for a fixed viscosity of np 2591, Which is tightly related to the
peak position of the secular rate for the simple three-layer viscosity
model, is the same as that for the J$'* in Nakada & Okuno (2016),
and also applicable to the zonal secular rates for n = 3—6 regardless
of GIA ice models of IA10, IA20, IA30 and IR20 [see results for
n =4 (Fig. 6), n = 5 (Fig. 7) and n = 6 (Fig. 8).

We next examine change in JS™ depending on 1670, and 1p 2501
values by comparing the zonal secular rates predicted for the two-
layer lower-mantle viscosity model and simple three-layer viscosity
model. This would be useful to infer the two-layer lower-mantle
viscosity structure from the GIA-induced J, forn > 2. Here, we
discuss the J§'* for the TA10 (Fig. 5a) in detail. The rate for the
VL100(1191) in Fig. 5(a) indicates that the rate decreases with de-
creasing 1s70.1191 and the values at 1470,1191 = 10% and 10?! Pa s are
about —1.7 x 107" and 2.2 x 10" yr~!, respectively, in which
the rate at 74701191 = 10?! Pa s is nearly equal to the value at 7,
=2 x 10%? Pa s for the simple three-layer viscosity model. That is,
the predicted rate at n;,, = 2 x 10?? Pa s for the simple three-layer
viscosity model is also predicted for the two-layer lower-mantle vis-
cosity model with 76701191 = 10?" and 1711912801 = 10% Pa's. Similar
result is also obtained for the VL50. On the other hand, the rate
for VL20 (1691) increases with decreasing 14701691 and the rate at
Ne70.1601 = 102! Pasisabout—1.7 x 107! yr~!, which is nearly equal
to that for 5, = 102> Pa s for the simple three-layer viscosity model.
However, the rates for VL20 (1191) are nearly constant in a range of
Nero191 < 2 x 107 Pas, suggesting that the J§' for the two-layer
lower-mantle viscosity model with 71912801 = 2 x 10?2 Pa s is
almost insensitive to the viscosity for 6701191 km depth, 1670.1191-
The result for the VL20 is also applicable to that for the VL10. The
sensitivity of the J$'* based on the results for the IA10 is generally
applicable to that for the secular rates predicted for ice models of
1A20 (Fig. 5b), IA30 (Fig. 5¢) and IR20 (Fig. 5d). In Section 4,
we discuss the viscosity structure by comparing the GIA-induced
zonal secular rates predicted for viscosity and GIA ice models and
observationally derived JS'* for n = 3-6.

4 DISCUSSION

Geopotential zonal secular rates of J, for n > 2 derived from SLR
observations provide important constraints on the mantle viscosity,
GIA ice model and recent melting of glaciers and the Greenland
and Antarctic ice sheets (e.g. Ivins et al. 1993; Mitrovica & Peltier
1993; Devoti et al. 2001; Tosi et al. 2005). For example, Ivins et al.
(1993), using two GIA ice models of ICE2 and ICE3G, pointed
out that the Antarctic melting history significantly influences esti-
mation of lower-mantle viscosity. It is, however, crucial to discuss
these quantities by taking into account the accuracy of geodetically
derived geopotential zonal secular rate, JOPS, particularly for the
rates of n > 2 (e.g. Cheng et al. 1997). The accuracy of JOBS de-
pends on several factors such as the orbital geometry and data span
of individual satellite and also aliasing effect from the higher degree
(Cheng et al. 1997). Cheng et al. (1997), using SLR data from the
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Figure 5. GIA-induced J3 based on 1A 10, IA20, IA30 and IR20 ice models and VL viscosity models with upper-mantle viscosity (nuym) of 2 x 102 Pas and
lithospheric thickness (H) of 65 km: (a) results for the IA10 based on the simple three-layer viscosity model (denoted by 3 L) as a function of lower-mantle
viscosity (11m) and two-layer lower-mantle viscosity model as a function of viscosity 7¢70,p for 670-D km depth (D = 1191 and 1691 km), (b) for the IA20, (c)
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VL10 viscosity models, respectively. GIA-induced zonal secular rates based on the geopotential zonal secular rates by Cheng et al. (1997) and Cox & Chao
(2002) are also shown on the right-hand side of each figure. The comparison between the observationally derived and predicted zonal secular rates is discussed

in Section 4.

eight geodetic satellites, concluded that the odd zonal secular rates
are less observable than even zonal ones due to weakness in the or-
bital geometry. They also indicated that multisatellite SLR data sets
are required to improve the determination of the zonal secular rate
and also separation from the higher degree J,,, but further efforts
are required to improve the determination of the zonal secular rates
even for multisatellite data sets. They also stated that the accuracy of
the estimates of the zonal secular rates determined from long time-
series of multisatellite SLR data has been difficult to verify, and
only J, has been evaluated with confidence. By considering these
points, we discuss the mantle viscosity and GIA ice model based on
the geopotential zonal secular rates for n = 3—6 using eight geodetic
satellite observations by Cheng et al. (1997) and the rates forn =3
and 4 using 10 satellite ones by Cox & Chao (2002). In particular,
it may be important to discuss these quantities based on negative .J
estimate of ~(1.3 4 0.5) x 107! yr~! (Cheng et al. 1997) and pos-
itive one of ~0.9 x 10~!'! yr=! (Cox & Chao 2002) if we consider
uncertainties for the determination of the odd zonal secular rate. We
shortly comment about the geopotential zonal rates for » = 3 and
4 by Cox & Chao (2002). The estimate of ~0.9 x 10! yr~! for

n = 3 seems to be constant for the period of 1979-2002, but the
rate of n = 4 for 1979-1992 seems to be similar to that by Cheng et
al. (1997) [see supplemental figs 2 and 4 in Cox & Chao (2002)].
Essential points for the following discussion about the mantle vis-
cosity and GIA ice model change insignificantly even if we adopt
other available geopotential zonal secular rates (Cheng et al. 1989;
Cazenave et al. 1996; Nerem & Klosko 1996) [see compilations by
Cheng et al. (1997) and Tosi et al. (2005)].

The geopotential zonal secular rates by Cheng et al. (1997) and
Cox & Chao (2002) are based on the SLR data sets from 1976 to
1995 and 1979 to 2002, respectively. The GIA-induced J,, JG'4,
would be estimated by subtracting the rate due to recent melting
of glaciers and the Greenland and Antarctic ice sheets, J®M, from
the geopotential zonal secular rate, J 98BS The mean values of the
recent melting contribution for » = 3—6 change insignificantly for
the period of 19002001 (Table 1), and we therefore adopt the recent
melting contribution for the period of 1900-1990 here. Table 2
shows the estimates of J'* and the lumped-sum values for /5 and
Js using the SLR data for a single satellite by Cheng et al. (1997)
and Devoti et al. (2001). The permissible viscosity solution for the
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Figure 6. As in Fig. 5, except for the GIA-induced J4.

simple three-layer viscosity model inferred from the GIA-induced
Ja of (6.0-6.5) x 107" yr~! (regions shown by blue colour in
Figs 2 and 3), which is nearly insensitive to the GIA ice model, was
discussed by Nakada et al. (2015) in detail.

In the last column of Table 2, we also show the /' for the recent
melting rate (ESLR) of (0.95 & 0.17) mm yr~! to discuss the effect
of uncertainties of the melting rate for the period of 1900-1990 on
the inferred mantle viscosity. We explain this point by considering
the GIA-induced J,0f —(6.0-6.5) x 107! yr~! (Nakada et al. 2015)
inferred from the observationally derived J,, J' OBS for the periods
of 1976-1990 and 2002-2011 (Roy & Peltier 2011; Cheng et al.
2013) and the melting rates for both periods (Vaughan et al. 2013).
The recent melting component of the zonal secular rate, J XM due
to the melting rate of (0.69 £ 0.12) mm yr~! for 1900-1990 is
(2.1 £0.4) x 10~"" yr~! (Table 1), and the J$' is estimated to be
—~(5.8+£0.5) x 107" yr~! for the JOS of <(3.7 £ 0.1) x 10~ yr~!
For the period of 2002-2011, J&™ and J§' values are estimated
to be (6.3 & 2.6) x 107!! (Table 1) and <(6.6 & 2.7) x 107!
yr~!, respectively, based on the observationally derived J9BS of
—0.3 £ 0.1) x 107" yr~!. Then, Nakada et al. (2015) adopted —
(6.0-6.5) x 10~ yr~! for the J$'* to infer the mantle viscosity (see
also Mitrovica et al. 2015). If we adopt the J$' of 6.6 x 10~ yr~!
for the period of 1900-1990, then we obtain —2.9 x 10~!! yr~! for
the J&M and the melting rate of 0.69 x 2.9/2.1 ~ 0.95 mm yr~'. In
this study, we discuss the effect of uncertainties of the recent melting

rate for the period of 1900—1990 on the inferred mantle viscosity by
examining the differences between the viscosity solutions inferred
from the J'4 (n > 2) for the melting rates of (0.69 & 0.12) and
(0.95 & 0.17) mm yr~'. Although we mainly discuss the mantle
viscosity and GIA ice model for the melting rate of (0.69 + 0.12)
mm yr~', the results for the rate of (0.95 £ 0.17) mm yr~' are
essentially the same as those for the rate of (0.69 % 0.12) mm yr—',
particularly for the zonal rates of n = 4 and 6 (Figs 2 and 3).

We first discuss the GIA-induced secular rate of J; for the sim-
ple three-layer viscosity model (Figs 2 and 3). In Figs 2 and 3, the
regions shown by orange and green colours indicate the permissi-
ble viscosity ranges inferred from the GIA-induced secular rates
based on the geopotential zonal secular rates by Cheng et al. (1997)
and Cox & Chao (2002), respectively. The GIA-induced J3 of —
(2.8 4 0.8) x 107! yr~! based on the secular rate by Cheng et al.
(1997) indicates the permissible viscosity solutions of 7, ~ (6-70)
x 10?! Pa's, and ny, ~ (1-5) x 10%2 and nyn ~ (2-10) x 10%° Pa's
for the IA10 and IR10 with an Antarctic ESL component (ESLgy)
of ~10 m, respectively (Figs 2b and 3b). On the other hand, there is
no permissible viscosity solution for GIA ice models with ESLgy
of ~20 and ~30 m.

We next examine the viscosity solution based on the estimate
of —(0.6 & 0.3) x 107! yr~! derived from the J9® by Cox &
Chao (2002). The permissible lower-mantle viscosities are smaller
than 2 x 10%', 4 x 10?! and 4 x 10! Pa s for GIA ice models
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Figure 7. As in Fig. 5, except for the GIA-induced Js.

of IA10, IA20 and IR10, respectively (Figs 2b and h and 3b). On
the other hand, the solutions for the IA30 and IR20 are 1, ~ (4—
30) x 10%' and n, > 10%* Pa s (Figs 2n and 3h), respectively,
and there is no solution for the IR30 (Fig. 3n). The permissible
lower-mantle viscosity generally increases with increasing ESLgy
value, and consequently, there is a trade-off between the viscosity
solution and the melting history (period) and/or ESL component of
the Antarctic ice sheet. This is related to the sensitivity of the J§
to the melting of the Antarctic ice sheet (Figs 4c and d). That is,
change in J' ST magnitude for the IA10 and IA30 (IR10 and IR30) is
mainly attributed to the ESL component of the Antarctic ice model.
On the other hand, the solutions for the IA30 and IR20 reflect the
sensitivity of the J §1A to the melting history of the Antarctic ice
sheet that the rates for the IA30(S) (ESLsy ~ 30 m) are nearly equal
to those for the IR20(S) (ESLsy ~ 20 m).

We consider the lumped-sum value for J; and Js. The GIA-
induced lumped-sum values by Cheng et al. (1997) shown in Table 2
provide the viscosity solutions similar to those for the geopotential
zonal secular rate of J; by Cheng et al. (1997; Fig. 2b). For ex-
ample, we consider the GIA-induced lumped-sum value based on
the geodetic estimate by Starlette of J3 + 1.04 Js ~ 2.1 x 107!
yr~! (Table 2). For the IA10, the magnitude of GIA-induced zonal
secular rate for n = 3 is nearly equal to that for n = 5, but the values
are opposite each other (Figs 2b and d). That is, the GIA-induced
lumped-sum value for these rates is consistent with the secular rate

of (0.1 £ 0.5) x 107! yr
for the IR10 and the lumped-sum value is larger than 10~!" yr
(Figs 3b and d). Moreover, the lumped-sum values for other GIA ice
models are larger than 2 x 107! yr=! (Figs 2 and 3). On the other
hand, the GIA-induced lumped-sum value of —(1.6 + 0.6) x 10!
yr~! based on the geodetic estimate by Devoti et al. (2001) may
be inconsistent with the estimates in this study because the GIA-
induced J3+ 0.9 J5 value for all IA and IR ice models are positive
(Figs 2 and 3).

Here, we shortly comment about the viscosity solutions for the
two-layer lower-mantle viscosity model. Fig. 5 shows the GIA-
induced J; predicted for the two-layer lower-mantle viscosity model
with 7um = 2 x 10?° Pa s and for IA10, IA20, TA30 and IR20 ice
models. For the secular rate of —(2.8 + 0.8) x 107!, we get the
solutions for the IA10 as follows (Fig. 5a): nsop < 102 Pa s
for npager = 10?2 Pa s (VL100), nerop < 5 x 10?2 Pa s for
ND,2891 = 5 x 1022 Pas (VLSO), 1670,D < 2 x 1022 Pa s for D 2891
=2 x 10?2 Pas (VL20) and ng70,p < 102 Pass for np ys01 = 10% Pass
(VL10). The viscosity solutions for the rate of (0.6 & 0.3) x 107!
yr~! and the IR20 are as follows (Fig. 5d): n¢70.p > 10! Pa s for
Npagor = 5 x 1022 and 10% Pa s and n¢70p = (3-20) x 10°! Pa's
for D 2891 = 2 % 1022 Pas.

We discuss the permissible viscosity structure for the sim-
ple three-layer viscosity model based on the GIA-induced J, of
—2.4 &£ 1.2) x 107" yr~! derived from the geopotential zonal

—1 in Table 2. However, this is not true
—1
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Figure 8. As in Fig. 5, except for the GIA-induced J.

secular rate of (1.4 £ 1.0) x 107" yr=! by Cheng et al. (1997).

Table 2. Observationally derived, recent melting and GIA-induced values for the .J,, (n = 3—6) and lumped-sum for .Jj3 and J5 (x10!!
yr~1). The contribution from recent melting of glaciers and Greenland and Antarctic ice sheets is based on the estimate for the period of
1900-1990 in Table 1. In the last column of this table, we also show the GIA-induced secular rates for the melting rate of (0.95 + 0.17)
mm yr~! to discuss the effect of uncertainties of the melting rate for the period 1900-1990 on the inferred mantle viscosity (see the text).

Quantity Observed rate Rate for the Rate for the GIA Rate for the GIA by
recent melting (0.95 £ 0.17) mm yr~!

Js* ~13+05 1.54 +0.31 28+08 —3.4+09

J34 0.9 1.54 +0.31 —0.6+03 ~12+04
J3—0.27Js" 2.1 1.38 £ 0.35 -3.5+04 —4.0+0.5
J3+ 1.04 Js¢ 2.1 2.15 4 0.46 -0.1+£05 -0.940.6
J34+0.9 Js59 0.54+02 2.07 £ 0.44 ~1.6+0.6 24408

J4* ~14+1.0 1.02 +0.23 24+12 28413

J4 -0.1 1.02 £+ 0.23 ~1.1402 ~15+03

Js* 21406 0.59 +0.14 15407 13+0.8

Je* 03407 0.50 +0.11 —02+08 —0.4+0.9

*Cheng et al. (1997), “Cox & Chao (2002), *lumped-sum value by LAGEOS 1 (Cheng et al. 1997), ‘lumped-sum value by Starlette
(Cheng et al. 1997) and “lumped-sum value by Starlette (Devoti et al. 2001).

(Figs 3c, i and o). That is, the GIA-induced secular rates predicted

The contour maps for IA ice models indicate the permissible lower-
mantle viscosities larger than 3 x 10?',2 x 10?! and 10?' Pass for the
IA10, TIA20 and IA30, respectively (Figs 2c, i and o). Those for the
IR10, IR20 and IR30 indicate the solutions of n, > 2 x 102,
Nim > 10%!, and i, < 5 x 10?! and ny, > 4 x 102 Pas, respectively

for most simple three-layer viscosity models are consistent with the
J $IA value based on the geopotential zonal secular rate by Cheng
et al. (1997). This is also true for the two-layer lower-mantle vis-
cosity model, and the viscosity solutions for the IA10, IA20, IA30
and IR20 ice models are ng0p > 10?! Pas for npase1 = (1, 2, 5,
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10) x 10%* Pa s (Fig. 6). It should be important to note that the
secular rates for these solutions, —(2.4 & 1.2) x 107'! yr~! are
largely attributed to the melting of the Antarctic ice sheet. That is,
the NH contribution is significantly small compared with that for
the SH one, and the sensitivity of the J{'* to GIA ice model is
mainly determined by the viscous response to the melting of the
Antarctic ice sheet (Figs 4e and f).

Here, we comment about the viscosity solution derived from
the GIA-induced J4 of —(1.1 & 0.2) x 107" yr! based on the
geopotential zonal secular rate by Cox & Chao (2002). For
the simple three-layer viscosity model, the viscosity solution is
Nm < 3 x 10?! Pa s regardless of adopted GIA ice models (Figs 2
and 3). However, the geodetically derived secular rate of J; for
1979-1992 by Cox & Chao (2002) is nearly the same as the esti-
mate by Cheng et al. (1997). Then, the viscosity solution for the
zonal secular rate by Cox & Chao (2002) would be similar to that for
Cheng et al. (1997).

We discuss the viscosity solution for the GIA-induced Js of
(1.540.7) x 107" yr~! derived from the geopotential zonal secular
rate by Cheng et al. (1997). For the simple three-layer viscosity
model, the permissible lower-mantle viscosity is (1-4) x 10?! Pas
for all GIA ice models (Figs 2 and 3). This solution is incompatible
with the solution of 1, > 6 x 10?' Pa s for the IA10 and IR10
inferred from the GIA-induced J3 of (2.8 & 0.8) x 10~ yr~!
(Figs 2b and 3b). For the two-layer lower-mantle viscosity model,
we get the solutions of 7670.1601 ~ 10! Pa s and 116012801 > 10%* Pa's
for the [A10 and IA20 (Figs 7a and b).

We consider the JS'* for the simple three-layer viscosity model.
The GIA-induced secular rate of (0.2 +0.8) x 10~ yr~! indicates
the permissible viscosity solutions of 7, < 2 x 10! Pa s for the
IA10and IA20, (1-100) x 10%! Pas forthe IA30, 7, <3 x 10>! Pas
for the IR10, (1-100) x 10?' Pa s for the IR20, and 7;,, < 2 x 10?!
and ny,> 6 x 10! Pa s for the IR30. Generally, the permissible
lower-mantle viscosity increases with increasing ESLgy; value, and
there is a trade-off between the viscosity solution and the melting
history and/or ESL component of the Antarctic ice sheet. This is
related to the sensitivity of the J$'* to the melting of the Antarc-
tic ice sheet (Figs 4i and j). For the two-layer lower-mantle vis-
cosity model, the secular rates predicted for the IA30 and IR20
are consistent with the observationally derived rate (Figs 8c and
d). The solutions for the IA30 and IR20 reflect the sensitivity of
the J SIA to the melting history (period) of the Antarctic ice sheet
that the rates for the IA30(S) are nearly equal to those for the
IR20(S).

Before making comprehensive arguments for the inferred mantle
viscosity from each J GIA | we point out the differences between the
inferred viscosity solutions for this study and Tosi et al. (2005)
because the approach by Tosi ef al. (2005) is essentially the same
as that adopted here. Tosi et al. (2005) inferred the mantle viscos-
ity based on the analyses using the observationally derived zonal
secular rates mainly up to degree 6 (Cheng et al. 1997), the ICE3G
with the Antarctic ESL component of ~25 m during 10-5 kyr BP
and recent melting of the Antarctic and Greenland ice sheets before
1995. The recent melting areas differ from those for this study (see
recent melting model for the period of 1900-1990 in Table 1). They
adopted the forward method for each even and odd zonal secular rate
as adopted in this study, and also inverse method using a classical
x? analysis to infer the mantle viscosity and recent melting by mini-
mizing the misfit between the observed and predicted J, (n = 2-6).
Although an average lower-mantle viscosity of ~10?* Pa s for the
inverse analysis is quite consistent with that based on the J$'* by

Secular variations of Earth’s geopotential 1673

Nakada et al. (2015), it is difficult to compare their viscosity solu-
tion with that for the forward analysis in this study. It is also noted
that the optimal melting rates for the Antarctic and Greenland ice
sheets before 1995 are 0.8 and 0.2 mm yr~', respectively (Tosi et
al. 2005).

The forward analysis by Tosi et al. (2005) indicates that the main
difference between the inferred viscosity solutions for both studies is
attributed to the recent melting model as described below. It would
be acceptable to discuss the difference by assuming the melting
model before 1990. This study assumes recent melting from glaciers
and peripheral glaciers for the Greenland ice sheet (Table 1), but Tosi
et al. (2005) assume the melting for the Antarctic and Greenland
ice sheets. The recent melting components of the zonal secular rates
for n = 3 and 5 based on the melting rate of 0.7 mm yr~! from the
Antarctic ice sheet are negative and 2.8 x 107! and 2.3 x 10~
yr~!, respectively (see table 4 in Tosi et al. 2005 and also their table
5 for the melting model with melting rates of 0.8 and 0.2 mm yr~!
for the Antarctic and Greenland ice sheets, respectively), which are
also consistent with the estimates based on the Antarctic melting
for the period of 2002-2011 (Table 2). However, the zonal secular
rates for this study are positive and ~1.5 and ~0.6 x 107! yr!
because of the melting from glaciers and peripheral glaciers for the
Greenland ice sheet (Table 1), and the magnitude is significantly
smaller than that for Tosi ef al. (2005). On the other hand, the recent
melting components of the zonal secular rates for » = 2, 4 and 6
are positive in both studies regardless of the melting areas, and both
studies suggest similar viscosity solutions for the simple three-layer
viscosity model (Figs 2 and 3). For example, the analyses for n = 2
and 4 based on the ICE3G and Antarctic melting rate of 0.7 mm
yr~! by Tosi et al. (2005) indicate two permissible lower-mantle
viscosities; 7, < 10?2 and n, > 10*2 Pa s (fig. 3 in Tosi et al.
2005), which are not inconsistent with our viscosity solutions for
GIA ice models of IR20 (ESLgy ~ 20 m) and IR30 (ESLgy ~ 30 m)
(Figs 2 and 3). That is, the difference between the inferred viscosity
solutions for this study and Tosi et al. (2005), particularly for the
odd zonal secular rates of # = 3 and 5, is mainly attributed to the
recent melting models adopted in both studies.

We come back to the discussion for the results obtained in this
study. The GIA-induced zonal secular rates, S (n = 3-6), de-
rived from the available geopotential zonal secular rates, JOS (e.g.
Cheng et al. 1997; Cox & Chao 2002) and the recent melting con-
tribution, J RM based on the melting of glaciers and the Greenland
and Antarctic ice sheets (Vaughan et al. 2013) cannot put tight
constraints on the 7479 p and np 2391 values as noted earlier in this
section. It is true even if we adopt the JC'* for the recent melting
rate (ESLR) of (0.95 £ 0.17) mm yr~! considering uncertainties of
the melting rate for the period of 1900—1990 on the inferred mantle
viscosity (Figs 2 and 3). However, it is possible to point out the im-
portance of the JOPS (n > 2) on inference of mantle viscosity and
GIA ice model, particularly for Antarctic melting history due to the
last deglaciation. We discuss this point by taking into account the
results based on the two-layer lower-mantle viscosity by Nakada
& Okuno (2016). The GIA-induced J, provides two permissible
lower-mantle viscosities for the simple three-layer viscosity model,
~10%* and (5-10) x 10?* Pa s, regardless of adopted GIA ice models
(Figs 2 and 3 and also Nakada ez al. 2016). Here, we assume that the
lower-mantle viscosity for the simple three-layer viscosity model is
given by either of the lower-mantle viscosities inferred from the
JS$' . For the two-layer lower-mantle viscosity model, we adopt two
viscosity solutions inferred from the GIA-induced J,, LGM sea
level constraints and postglacial differential RSL change (Nakada
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& Okuno 2016); namely, 1670.1191 > 3 x 10?! Pa's for 0191 2301 = (5—
10) X 1022 Pa s and 1670,1691 => 1022 Pa s for N1691,2891 = (5*10) X
10%? Pa s, in which the upper-mantle viscosity is (1-4) x 10?° Pa's
for both viscosity models. These viscosity models are referred to as
VS1191 and VS1691, respectively.

We first discuss the mantle viscosity and GIA ice model inferred
from the GIA-induced even zonal secular rates of » = 4 and 6.
The solutions for the recent melting rate of (0.95 & 0.17) mm yr™!
are nearly the same as those for the rate of (0.69 + 0.12) mm
yr~! (Figs 2 and 3). For the simple three-layer viscosity model,
the viscosity solutions for the J$'* are comprised in the viscosity
solutions for the IR20 and IA30 based on the GIA-induced even
zonal secular rates (n = 4 and 6) using the geopotential zonal secular
rates by Cheng et al. (1997), and the solution of (5-10) x 10> Pa s
is obtained for the IR30 (Figs 2 and 3). This may be true for the
J$" value from the geopotential zonal secular rate for the period of
1979-1992 by Cox & Chao (2002). For the two-layer lower-mantle
viscosity model, the zonal secular rates predicted for the IR20 and
1A30 satisfy the observationally derived J{'* and J$' regardless of
N670.0 and 71p 2591 values adopted here (Figs 6¢ and d, and 8c and d).
This is true for the IR30 although we do not show the results here.
For example, the permissible viscosity solutions for the IR20 are
Ne70.0 = (1-100) x 10! Pas for np 2891 = (5-10) x 10%* Pa's, which
comprise the permissible viscosity ranges for VS1191 and VS1691.
The solutions for the IA30 and IR20 reflect the sensitivity of GIA-
induced zonal secular rates to the melting history of the Antarctic
ice sheet as previously stated. That is, if the melting history due to
the last deglaciation is wholly represented by GIA ice model such
as the IR20 with ESLgy ~ 20 m or IA30 with ESLgy ~ 30 m, then
the observationally derived GIA-induced even zonal secular rates
(n = 2, 4 and 6) provide consistent viscosity solutions for the two-
layer lower-mantle viscosity model. Such GIA ice models may also
be supported from the postglacial RSL changes at Southport and
Bermuda located on the intermediate region of North American ice
sheets (Nakada & Okuno 2016).

We consider GIA-induced odd zonal secular rates of » = 3 and
5. The simple three-layer viscosity models satisfying the observa-
tionally derived J§' are inconsistent with the solutions inferred
from the J$' (Figs 2 and 3). This is also true for the two-layer
lower-mantle viscosity model (Fig. 7). On the other hand, the vis-
cosity solutions for the IA10 and IR10 (ESLsy ~10 m) based on
the J' 1A using the geopotential zonal secular rate by Cheng et al.
(1997) satisfy the viscosity solutions inferred from the J$'* in both
the simple three-layer and two-layer lower-mantle viscosity mod-
els (Figs 2, 3 and 5a). The viscosity solutions for the two-layer
lower-mantle viscosity model are, for example, ne70.p > 10*! Pa s
for npoger = 5 x 102 Pa s and ngro1601 < 2 x 10?2 Pa s for
Meot2s01 = 107 Pas (Fig. 5a). For the J9PS by Cox & Chao (2002),
the viscosity solutions for the IA30 and IR20 satisfy the solutions
for the J$' (Figs 2n, 3h and 5c and d). For example, the solu-
tions for the IR20 in the two-layer lower-mantle viscosity model are
Neo.n0 > 2 x 102! Pa s for npage1 = (5-10) x 10?2 Pa s (Fig. 5d).
However, it would be safe to say that the viscosity solutions derived
from the odd zonal secular rates are left open if we consider un-
certainties of the geopotential odd zonal secular rates based on the
SLR observations (Cheng et al. 1997).

5 CONCLUDING REMARKS

We examined the GIA-induced J, (n > 2) derived from the geopo-
tential zonal secular rates (Cheng et al. 1997; Devoti et al. 2001;

Cox & Chao 2002) and recent melting by Vaughan et al. (2013) to
explore the possibility of additional information on the lower-mantle
viscosity solutions, VS1191 and VS1691, and GIA ice model in-
ferred from the analyses of the J$'* and RSL changes by Nakada
& Okuno (2016) (see also Lau et al. 2016). The GIA-induced zonal
secular rates for n > 2 provide important constraints on the lower-
mantle viscosity and the Antarctic melting history (Ivins et al. 1993;
Mitrovica & Peltier 1993; Devoti et al. 2001; Tosi et al. 2005), and
particularly, the rates for » = 3 and 4 are mainly attributed to the
viscous response of the lower mantle to the melting of the Antarctic
ice sheet largely characterized by the ESL component (ESLgy) and
the melting period of the Antarctic ice sheet (Fig. 4).

The analyses of the JO'* (n > 2) based on the geopotential
zonal secular rates by Cheng et al. (1997) suggest different lower-
mantle viscosity solutions for the even and odd zonal secular rates
(Figs 2, 3 and 5-8). For the Antarctic ice model with ESLgy of ~20
or ~ 30 m (IR20 or IA30), the viscosity solutions satisfying both
JU and JS' values comprise the permissible viscosity ranges
for VS1191 and VS1691 (Figs 6 and 8). On the other hand, there
is no viscosity solution satisfying J' SIA and J SIA values (Figs 5
and 7). For the GIA-induced secular rate of » = 3, however, it
may be noted that the permissible viscosity ranges for the VS1191
and VS1691 are obtained for the IA10 (ESLsy ~ 10 m) in the
case of the J§'* based on the negative geopotential zonal secular
rate by Cheng et al. (1997) (Fig. 5a), while such permissible vis-
cosity solutions are obtained for the IR20 (ESLsy ~ 20 m) if we
adopt the J§'* based on the positive secular rate by Cox & Chao
(2002; Fig. 5d). These results are true for the GIA-induced JS™
(n > 2) for the melting rates of (0.69 & 0.12) and (0.95 + 0.17) mm
yr~! considering uncertainties of the melting rate for the period of
1900-1990. Although we cannot give a persuasive evaluation on the
discrepancy between the solutions for the even and odd zonal sec-
ular rates, the discrepancy may probably arise from the incomplete
modeling of GIA ice model, uncertainties of the geopotential zonal
secular rates based on the SLR data and particularly those for odd
zonal secular rates due to weakness in the orbital geometry (Cheng
et al. 1997) and also uncertainties in the assumed recent melting
rates.

In this study, we mainly discussed the mantle viscosity and GIA
ice model based on the GIA-induced J, (n > 2) inferred from the
assumed recent melting rates and geopotential zonal secular rates
before 1990 because the zonal secular rates for n > 2 may be avail-
able only for the period of 1976-2002 as far as we know. However,
there is no doubt that the analyses using temporal variations in zonal
secular rates for the period of 19762011 [see variations in secular
rates for n = 2 by Roy & Peltier (2011) and Cheng et al. (2013)]
would provide more tight constraints on mantle viscosity as was
indicated for the J, by Nakada et al. (2015) (see also Mitrovica
et al. 2015). If the secular rates for n > 2 are available for such a
period, then we would really like to analyse the JS' (n > 2) based
on the geopotential zonal secular rates for separate periods such as
2002-2011 and before 1990. That is, the even zonal secular rates
for the period of 2002-2011 are about three times as large as than
those before 1990, while such a significant change is not expected
for the secular rates of n = 3 and 5 (Table 1) in the assumed recent
melting rates. Such analyses would help to evaluate uncertainties of
the recent melting rate as well as those for the geopotential zonal
secular rates more persuasively, and consequently it may be possible
to put additional constraints on the lower-mantle viscosity structure
inferred from the analyses of the J$'* and RSL changes and also
GIA ice model, particularly for the Antarctic melting history due to
the last deglaciation.
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