Response to Reviewers’ Comments

I thank the reviewers for their constructive feedback and address each of their comments in turn below. My
responses are in blue. Where changes have been made to the manuscript in response to a reviewer’s comment |
have not quoted the revised text within this rebuttal document, but refer the reader to a relevant line number in
the “track changes’ version of the revised manuscript attached below. All line numbers quoted in my responses
reflect line numbers in the ‘track changes’ version of the revised manuscript.

Reviewer 1 (anonymous)

1. General comments.

This is a comprehensive review of the Glacial Isostatic Adjustment (GIA) problem, in which the emphasis is
about the historic development, the recent advances and possible future directions. Despite the word ‘modelling
appears in the title, there is little about the technical aspects of GIA and as a consequence the approach is rather
qualitative and focussed on the description of the geophysical processes involved in GIA. A series of nice
illustrations are proposed, useful to understand how GIA operates on global and regional scales, something that
is certainly of interest for beginners in this field. The strength of the paper is in its completeness and
organisation, which make it very easy to follow despite its considerable length. The weakness is in some
missing details and references and sometimes in a too involved description of the various topics. In some parts,
the paper seems to have been written in a rush, so that some smoothing and re-thinking is recommended before
it can be considered for publication.

bl

Thank you for the positive feedback. As you mention, my focus in writing this article was on the historic
development, recent advances, and future directions of GIA. This necessitates a brief description of the
processes associated GIA, but the reader is referred to appropriate references to uncover the technical details of
GIA modelling (lines 47-49, lines 194-195). Following the guidance of the reviewers, | have attempted to
balance the level of detail across all sections and ensure that the whole article reads smoothly.

I have a series of minor to moderate remarks, various considerations, notes and hints, listed in the following,
which | hope are useful to improve an already very good contribution.

2. Specific comments

Line 1ff. In some previous works (e.g., DOI:10.1007/s10712-016-9379-x), a distinction is made between the
Earth’s response to past ice melting and that to present ice melting. Of course the physical principles are the
same, but a few explicatory words can be of help. For example, when dealing with low-viscosity regions in
Section 4.3, it should be clear that in this case we are dealing with the GIA caused by recent melting.

The distinction between past and present melting is important for low viscosity zones and an edit has been made
to this effect in Section 2.5.1 (lines 563-564) where low viscosity zones are first introduced. It has not been
included in the abstract to keep it simple and succinct.

L6. Not only to ‘global’ ice sheets; in some parts GIA is in response to regional ice sheets (e.g., again Section
4.3).

All ice sheets are regional, but the current wording reflects the fact that changes to all ice sheets must be
considered when calculating relative sea-level change. Text unchanged.

L7. Actually, GIA ‘follows’ the entire history of glaciations, which is 100s of kyrs long. I do not think GIA
should only be viewed only as the response to glacial unloading. Perhaps some words to distinguish between
‘post-glacial rebound’ and GIA can help, in this respect.

The purpose of the text on lines 8-9 is to highlight the fact that GIA is a relatively rapid process when
considering geological timescales. The opening sentence of the abstract (lines 5-6) clearly states that GIA
reflects the response to both glaciation and deglaciation. A definition of ‘postglacial rebound’ is now included
on lines 6-8.

L18. (LGM, ~21,000 years ago).

Text added.



L44. GIA can be “seen” (and it was actually seen) by looking at the migration of the

shorelines in northern Europe, as summarised here. However, in the whole paper there is not so much attention
about the general effects of GIA on the time evolution of the past Earth’s topography (e.g. former “land bridges”
are only mentioned at L759). May be it could be useful to look at the literature of contemporary GIA
investigators, in this respect. | am sure that a little section about this important aspect of GIA modelling would
add some value to this review.

In the interests of not increasing the length of this article further | have not included a separate section on the
impacts of topographic change or shoreline evolution, although their influence on a range of processes is
discussed in sections 3.1 (Ice dynamic feedbacks), 4.2.2 (Coupled GIA-ocean/atmosphere modelling), and 4.2.3
(Coupled GlA-surface process modelling). The role of GIA in defining past migration routes is now mentioned
in section 1.1 (line 58).

L52ff. I suggest to change item (viii) into “interpreting the gravity field of the Earth and its rotational state” or
something like that.

Text added on line 57.

L60ff. This is a remarkable historical overview, indeed. | have some miscellaneous

observations. i) Did Jamieson only consider elastic deformation? ii) Was his work

influenced by the ideas of Airy about isostasy? iii) It is probably important to mention, for later comparisons,
the famous Haskell value for mantle viscosity. iv) Regarding uniform viscosity Earth models, the Darwin
spherical model has had a role in the development of GIA models (see the review of Peltier, 1974, who should
be quoted e.g., at L176 between O’Connell and Chatles, in my opinion). V) | am surprised to see no mention to
the fundamental work of Love, who with his “Love numbers” certainly prepared the advent of the modern GIA
models, starting from Farrell and Clark (1976).

i) Jamieson (1865) did not use the terms elastic or viscous, but he does mention that it is not clear whether the
deformation of the land was ‘gradual or sudden’. There is insufficient information in the original article to
go into more detail so the text of this manuscript is unchanged.

ii) I can find no evidence of Jamieson having been aware of Airy’s work on isostasy.

iii) The Haskell (1935) value for upper mantle viscosity is now mentioned on line 169.

iv) A reference to Peltier (1974) has been added on line 170; the reader is encouraged to consult the referenced
articles if they require further information on the early development of viscous Earth models.

v) A reference to the work of Love (1919) is now included on line 337.

L175. I think ‘is the equipotential’ is better than ‘is an equipotential’.

Text edited on line 179.

L176. This can be shortened into ‘in the absence of winds and currents’.

The current wording was chosen to reflect use of the phrase ‘dynamic ocean topography’ in the wider literature
when discussing departures of the sea surface from the equipotential surface. Text unchanged.

L180ff. This is nice illustration, in words, of the concept behind the ‘k’ Love number.
Thank you.

L187. I would suggest ‘constrained’ in lieu of ‘determined’.

Original text preferred; no changes made.

L190ff. The role of the sea level equation (SLE) in GIA modelling has been recently reviewed in detail in
DOI:10.1007/s10712-016-9379-x.

Reference to the review by Spada (2017) is added on line 195, as well as earlier on line 49.

L190ff. Eqg. (1) and the material that follows is fairly good, but it can be improved, | have a suggestion. Why not
starting with the SLE in the native form S=N-U (new equation 1)? This would be helpful, since in this way one



can define relative sea level change (S) and absolute sea level change (N), and vertical displacement (U) since
the onset. These are quantities of fundamental importance for a full understanding of the remainder of the paper.
If this is agreed, Eq. (1) becomes Eq. (2) and so forth... Also, the unnecessarily cumbersome symbol DeltaSL
could simply become S and so onal L196 and L201 (and in other places, | think).

This is an excellent suggestion. An additional equation has been included defining the terms mentioned above
and all other equations have been re-numbered.

L194. Given that the unknown in the sea-level equation is S (provided that the history of the changes in ice
thickness I is assumed to be known), one may wonder how surface displacements U or horizontal displacements
V are obtained for e.g. comparison with GNSS data, discussed later in the paper.

Edits on lines 201-203 now explain that sea-level change is determined by calculating changes to the shape and
height of the sea surface and displacement of the solid Earth.

L196: ... is the change in *relative™ sea level...
Text edited on line 207.

L201. This can be rearranged into: ... are convolutions in time (over the ice sheets history) and in space (over
the surface of the ice sheets and of the oceans....).

The original phrasing is retained to account for the fact that ice and ocean load changes both vary over both
space and time.

L204. It is not actually a uniform shift ‘in the geoid’, it is a uniform shift in relative sea level, according to the
equation labelled by (1) in the present form of the paper.

Text edited on line 215.

L209. The definition of eustatic sea level is important in GIA modelling, but here it is only mentioned en
passant. Seen the beautiful historical Section 2.1, some words could be certainly spent on the work of Edward
Suess on the concept of eustasy in his book “La Face de la Terre”. To be completely fair (and admittedly
pedantic), eustasy is a static concept, only dependent on the amount of melt water change, on the density of
water and on the area of the oceans surface. However, in his Eq. (2), the author has accounted for variations of
the area of the oceans by a time-dependent A_o(t). This is a dynamic effect, however, since it also depends e.g.
on Earth’s rheology. So, I suggest to warn the reader about this caveat, or to re-write the SLE using an
effectively constant A_o. | would personally prefer the first solution. | also note that in the recent literature the
term ‘eustatic’ has been substituted by ‘barystatic’ following the work of Gregory et al. (2013), something that
could be mentioned or not. I finally observe that when a time-dependent A_o(t) is accounted for (this is the case
for migrating shorelines), the sea level equation becomes non-linear; otherwise it is linear

for an effectively constant A_o. This an important qualitative difference that should be

mentioned, in my opinion.

I thank the reviewer for making me aware of the extensive work of Eduard Suess, which makes for very
interesting reading! I have now included mention of the fact that Suess was the first to use the term ‘eustasy’ on
lines 222-223, but since his explanations for local and global sea-level change do not consider the role of the
global ice sheets | have not included further discussion of his ideas in the main text. In this paragraph (lines 220-
233) a caveat relating to the time-dependence of ocean area is included, along with mention that this makes the
sea-level equation non-linear, and a definition of the term ‘barystatic’. Reviewer 2 also requested that the term
‘eustatic’ be discussed in a little more detail so some of the edits in this paragraph are in response to their
suggestions.

L212. They are not really ‘perturbations’; maybe they are ‘terms’.
Text edited on line 232.
L222. The Maxwell rheology is describing a fluid behaviour, not a solid behaviour. In fact, in a creep

experiment, just immediately after the instantaneous elastic response, the dashpot of the Maxwell body works as
a Newtonian viscous fluid. The same at L223, and in other places like L570, for instance.



In all instances (lines 335, 336, 666) the text is changed to refer to a ‘Maxwell body’ since there is some
discrepancy in the literature over the use of the terms ‘Maxwell solid” and ‘Maxwell fluid’.

L226. If a power law is assumed, the Love numbers formalism is not viable since the
problem becomes non-linear.

Text edited on lines 339-340.

L234. The lithosphere is far from being purely elastic (see e.g. Ranalli, The Rheology of the Earth, or DOI:
10.1029/RG021i006p01458, or the papers by Burov, e.g., DOI:10.1029/94JB02770). The main point is “why
the elastic lithosphere approximation is so common in GIA studies”? (despite the evidence for a complex

rheological profile).

Text has been added on lines 348-349 to reflect the fact that many models define the lithosphere as a high
viscosity layer.

1L.250. What ‘self consistent’ means here?
Text deleted.

L247ff. All these extensions of the sea level equation make it a non-linear equation; this is an important point.
See also my comment to L209 above.

Mention that the sea-level equation is a non-linear equation is now included on line 230.

L256ff. It can be worth to say that the effects of Earth rotation introduce a very long wavelength pattern mostly
characterised by harmonic degree 1=2 and order m= +/-1 terms. This high-energy component of sea-level change
is clearly visible in the form of large lobes in the maps GIA fingerprints, see e.g,
http://dx.doi.org/10.1016/j.gloplacha.2016.05.006.

Text on line 282 has been edited to include mention of the fact that rotational feedback results in long
wavelength perturbations.

L256ff. I would rephrase as follows “Since GIA alters the mass distribution of the Earth, it changes its (off-
diagonal) moments of inertia, which in turn perturbs...” or similar.

In order to keep the language simple, and to avoid having to define additional terms, the original text has not
been edited.

L261. Why ‘over longer time scale’? Actually, rotationally induced Earth deformations also occur on short time
scales, even elastically (i.e., instantaneously).

Text on lines 280-281 edited to reflect the difference between elastic and viscous deformation.
L262. Again, | do not capture the rationale for separating short from long time scales.
This is now more clearly explained in the text on line 280-281.

L274. 1 would avoid the term ‘transient’, since this term can also refer to non steady-state (e.g., Burgers)
rheological effects. I think that ‘time-dependent’ could be a possible alternative.

Text edited on line 294.

L285. I am not sure that the meltwater fingerprints can be immediately associated to (or ‘based on’) the theory
of Woodward. Indeed, Woodward used a rigid Earth and ignored the oceans self-attraction (only accounting for
the gravitational attraction between the point ice load and the ocean mass). Hence, his fingerprints are

approximations of the ‘modern ones’ based on a more realistic modelling.

Text on line 305 edited to state that the idea of fingerprints ‘builds on’ the theory developed by Woodward.


http://dx.doi.org/10.1016/j.gloplacha.2016.05.006

L285 and L289. The term ‘fingerprint’ in the GIA context has been coined by Plag and Jiiettner (2001) and
adopted in numerous studies since then (see Plag HP, Juettner HU Inversion of global tide gauge data for
present-day ice load changes - scientific paper — Mem Natl Inst Polar Res 54:301 special issue, 2001), and this
should be fully acknowledged.

Thank you, | was not aware of this. A reference to the article by Plag and Juttner (2001) is added on line 309.
L293ff. One may simply wonder *why™* peripheral bulges regions exist!

A description of the processes that lead to the formation of peripheral bulges is included in section 2.1 (lines
157-158).

L297. If my hints at L190ff above are followed, the reader will be greatly facilitated here, where the concept of
absolute sea level is utilised. Why ‘mean’? I do not think it is necessary.

The term ‘mean’ is deleted on line 317.

L300 and 301. I am afraid I do not understand this couple of lines. Global (absolute) sea level change obtained
from altimetry is normally corrected for the effects of GIA, so ocean syphoning and all the other processes
involved are certainly taken into account. I think the paper of Tamisiea (2011) is dealing with other aspects of
GIA. It is possible, however, that | am missing the point, here.

This sentence (now on lines 320-321) simply states that ocean syphoning, in response to the subsidence of
peripheral bulge regions, must be taken into account when interpreting altimetric measurements of absolute sea
level. It is my understanding that this is the process described in Tamisiea (2011). Text unchanged.

L305. The ‘continental levering’ effect should be mostly visible far from the polar regions, right?

Continental levering will also be important in polar regions. For example, the Bering Strait and the eastern part
of the Siberian margin (assumed unglaciated during the LGM) are likely to have been exposed during the LGM
lowstand. Levering will have come into play as these regions were flooded during deglaciation. Text unchanged.

L312ff. Perhaps, it can be of interest to note that before the advent of the so-called pseudospectral method, a
fully spectral approach was utilised (see e.g., the paper by Plag and Juettner quoted above). Regarding the
methods in general, it could be instructive to explain *why* certain methods are used instead of others. For
instance, the pseudo-spectral method is now standard when dealing with spherically symmetric Earth models
with linear rheology. Similarly, the finite-element approach of Wu and co-workers is motivated by the
introduction of a power-law rheology (for which the superposition principle does not hold), and so on...

Text in this paragraph (lines 362-372) has been edited to include mention of the motivation for using different
methods to solve the sea-level equation.

L320. Here and in other places, the word ‘self-consistent’ should be used in a more specific way. | think that in
the context of GIA the term gravitationally self-consistent’ has been introduced to say e.g. that the change in
the shape of the oceans determined by solving the sea level equation is consistent with the gravitational field
(the oceans surface is an equipotential ad mass conservation is ensured). Similarly, ‘topographically self
consistent’ indicates that the solution of the sea level equation for a variable topography is consistent with the
present day topography (and with the gravity field). See the works of WR Peltier, where (I think) this
terminology has been introduced first. See also point L250.

The text has been edited to explicitly refer to a ‘gravitationally self-consistent solution’ on line 371. Where the
phrase is originally used (line 28) care has been taken to explain that it refers to the fact that the shape of the
ocean surface is defined by the gravitational field. In other instances the phrase ‘gravitationally self-consistent’
is used; the phrase ‘topographically self-consistent’ is not used anywhere in the manuscript.

L321. I do not think that *all* integral equations need to be solved by iteration. Iteration is often invoked to
solve non-homogeneous Fredholm equation of the second kind, which is the type of equation the sea level
equation is. In any case, most importantly, the physical reason for which iterations are needed is that the change
on the ocean mass distribution is not known a priori, contrary to the ice distribution.



Text on lines 371-372 has been edited to reflect the fact that an iterative approach is required to account for the
fact that the time-dependent change in ocean loading is not known a priori.

L322. The Section on Data is very smooth. Regarding 2.2.3, | only observe that before GPS data, very long
baseline radio-interferometry (VLBI) data have also been employed to test GIA models and to constrain the
Earth’s viscosity profile. This can be traced easily in the literature.

The use of VLBI (and other ground-based geodetic techniques) to study GIA is reviewed in King et al. (2010); a
reference to this article is now included on line 460.

L400ff. I do not fully agree on the role of horizontal GPS observations; their recognised sensitivity to the
shallow upper mantle rheology and to the presence of lateral variations in the Earth’s mantle properties should
be regarded as an advantage, not as a limitation.

Good point. Text on lines 476-477 changed to reflect the positive implications of horizontal deformation being
dependent on lateral earth structure.

L402ff. Similarly, I do not think GIA model predictions are typically provided on a reference frame whose
origin lies at the centre of mass of the solid Earth. Quite often, instead, they are given in the reference frame of
the center of mass of the whole Earth system, so that they can be directly compared to geodetic information
(actually, in GIA modelling the transformation between the two frames is straightforward). | agree on the
reference frame origin uncertainties, which is indeed a major problem.

It is true that GIA model predictions need to be in a centre of mass reference frame (often referred to as ‘CM”)
for comparison with geodetic observations, but the original calculations are usually carried out in a centre of
solid Earth reference frame (often referred to as ‘CE”) — see Kierulf et al. (2014) for a detailed discussion of this
point. Text unchanged.

L416ff. This is true, but I think the main problem with GRACE is that it observes gravity field variations due to
all surface and internal sources (including e.g. mantle dynamics associated with non-GIA processes, post-
seismic deformations, and so on). | also note that some very useful insight into the actual meaning of GRACE
data has been recently given by BF Chao in DOI:10.1007/s00190-016-0912-y.

The text on lines 495-496 has been edited to re-iterate the fact that changes to the gravity field also reflect non-
GlA-related processes.

L444ff. | am not really getting the point here. Can examples and/or citations be given to support or explain this
sentence?

The opening sentence of this paragraph (line 521-522) has been deleted.

L454. As far as | know, a possible interaction between GIA and seismicity has been first proposed by Gutenberg
and Richter in their book Seismicity of the Earth and Associated Phenomena (1949), and there is a long story of
relevant contributions to this field since the 90s, probably listed in the bibliography of Dr. Steffen’s works.
Some considerations along these lines could help to put flesh on the bones of this succinct subsection.

The link between GIA and seismicity is only briefly mentioned in Seismicity of the Earth and Associated
Phenomena (1949, p101) so this reference has not been included, but following the advice of Reviewer 2 a
number of other references on this subject have been included in this section and in the section that describes the
approaches used to model GIA (section 2.3.2).

L467. | agree that the definition of intervals for the viscosity of the upper and lower mantle has been (and is) a
key-result in GIA modelling. But | also think that the recognition that GIA data requires a rheologically layered
mantle (i.e. a viscosity jump between the upper and a the lower mantle) is even more important. It would be
very useful to trace this key result in the literature.

A sentence has been added on lines 558-560, and a number of references included, providing insight into this
result.



L475ff. Although the physical process is the same, it is important to let the readers know that contrary to the
studies mentioned at ~L470, in those quoted here the source of GIA is recent ice melting from small size
glaciers and ice caps. By the way, | definitively agree that defining these low-viscosity layers is a key result of
GIA modelling.

This point is now clarified in the text on line 563.

L479-L491. This paragraph is OK, but still it is difficult to see sharp key results. Itemisation can help? May be
the text can be modified accordingly. In any case, since the 70s the Toronto University GIA school has given
important contributions into the definition of the ice volume change since the LGM with the help of GIA
modelling, and this should be fully recognised, in my opinion.

The text in this paragraph (lines 569-587) has been re-organised to highlight the key results. A reference to
Peltier (2004) has been included on line 572.

L492ff. | realise that summarising all the attempts to constrain the configuration of individual ice sheets in a
short paragraph is not easy. But here one is left with the impression that all the studies mentioned converge to
similar results. However this is not the case; for instance, as the author of this manuscript knows, different
studies show diverging results for the history of melting chronology of the Antarctic ice sheet during the late
Holocene. Actually, resolving this uncertainty could constitute one of the future challenges in GIA modelling
for Section 4 below.

Text is added on lines 594-595 to reflect the fact that there is still considerable uncertainty regarding the
evolution of the global ice sheets during the last glacial cycle. This point is also now reflected in the
Conclusions (lines 938-940).

L501. The sentence should be probably tuned differently for the Greenland and Antarctic Ice Sheets. In any
case, GIA corrections are particularly uncertain because of the uncertainties about the melting history of
Antarctica.

Text has been added on line 603, noting that the contemporary GIA signal across Antarctica is still very
uncertain.

L522ff. Just a comment. There are uncertainties associated with limited data availability and modelling
capability. However, | think that the uncertainties described by Tamisiea (2011) are of different nature, resulting
from genuine misunderstanding of the physical meaning of the various terms of the sea-level equation.

The article by Tamisiea (2011) does indeed discuss issues associated with the inconsistent use of terminology,
but the reason for referencing this article here is because it attempts to quantify the uncertainty associated with
the contemporary GIA signal. Text unchanged.

L584. Yes, this is an important question. Concerning global GIA models, | do not think we are now in the
position of saying that 3D non-Newtonian models perform better that 1D Maxwell models in explaining e.g. the
sea-level variations observed during the Holocene. So, | do not know whether an increased model complexity is
indeed required.

The effect of accounting for lateral Earth structure in a GIA model is quantified and compared with the
precision of different data types (lines 680-684). It is left to the reader to decide whether consideration of lateral
structure is necessary, depending on their area of interest. Text unchanged.

L615. I am not really an expert in sedimentary isostasy, but | know that sometimes sediment loading and
sediment compaction occur at a very small scale. In view of that, is there some indication of the spatial
resolution of the GIA models in which these effects are taken into account? Maybe some information could be
conveyed to the readers in this respect. | am also curious about how mass is conserved in these sedimentary GIA
models, since this would require detailed information about the sediments (re)distribution, etc...

A sentence has been added on lines 736-738 highlighting the fact that sediment redistribution and compaction
can indeed take place over small spatial scales, and that the modelling approaches described in this section are
primarily suited to studying the large-scale effects of sediment redistribution. The approach used to conserve the



mass of the sediment is discussed in a number of the articles referenced in the manuscript, e.g. Ferrier et al.
(2015; 2017); Kuchar et al. (2017).

L653. The total mass change should be zero, by mass conservation; probably ‘mass redistribution’ is meant
here? A few lines below (L669): | am missing why an inverse approach is neither dependent on the ice loading
history nor from the Earth structure. What does it depend upon? Overall, this whole Section 3.4 is definitively
not written for newbies and is somewhat confusing, in my opinion.

Text is altered to read ‘spatial pattern of mass change’ on line 751. The inverse approach discussed in this
section refers to a data inversion: the contemporary GIA signal can be isolated by combining different data sets
because they each have a different sensitivity to GIA. Text on lines 748-750 and 7768 has been altered to clarify
this point.

L676. Section 4: future directions. This is a very nice (and very personal) view of the possible future
developments of GIA modelling. | do not have specific comments on that.

Additional text has been included in the Acknowledgements (lines 968-971) to reflect the input of the wider
research community in contributing to the ideas discussed in this section.

L827. A very short conclusion that sounds a bit vague. | would have preferred a few (better if itemised)
statements summarising three or four take home messages.

The Conclusions have been rewritten so that they summarise key results and a number of important areas of
future research.

Hope this helps

Interactive comment on “Glacial Isostatic Adjustment modelling: historical perspectives, recent
advances, and future directions” by Pippa L. Whitehouse

H. Steffen (Referee)
holger.steffen@Im.se
Received and published: 28 February 2018

Review papers can be a dangerous task to undertake, and can also be challenging to comment on. Arguments of
different referees can be condratictory: too long, too short, too many references, too few, not all is covered, too
much is covered, too much focus on one issue, chapters order should be the other way around and so on and so
forth. As an author, it is challenging to satisfy all those views and partly needs a thick skin, also once it is
published and more people comment on it.

From my perspective, Pippa Whitehouse reviews glacial isostatic adjustment (GIA) modelling very well and |
think that this paper will be highly regarded and cited, especially as it draws a bow from the historical
development over recent advances to possible future directions posing a few interesting research questions to
take on for the wider community.

The paper is in most parts well written and additionally supported by a couple of figures that help explain major
GlA-related processes. Much thought was given on recent and future developments and may likely reflect many
personal views, | note though many discussions that Pippa does on conferences, thus | think she has a good
overview of ongoing and future works.

I recall the GIA workshop in Reykjavik in September 2017 where the 10 top research questions in GIA research
were collected. | guess some of them also arise while reading this paper and perhaps it is an option to pick that
up in the Conclusions pointing to the SCAR-SERCE website.



There also are a few paragraphs/sections that are very brief with a few common references while others are well
developed with a large number of references. | guess this is due to the personal research interest of the author,
and I try to give some help below so that brief parts can be extended.

I hope that my comments in the following are taken in the positive manner with which they are intended. |
apologize right away that some comments and mentioned references are due to my "Fennoscandia-biased" eye,
so please take them as suggestion only, especially when I write "I’d suggest"...

Thank you for your positive comments. Responses to specific queries are addressed below. In the interests of
not making this manuscript (or reference list) too much longer, | have taken the opportunity to regard a couple
of your comments as ‘suggestions only’; I hope this is acceptable. The suggestion to draw on the list of research
questions proposed by the research community during the IAG/SCAR-SERCE GIA Workshop held in
September 2017 has been taken up — see edits to the Conclusions and Acknowledgements.

General remarks

L12: I would not agree with "in detail” when you mean "field of GIA" - there is so much more to discuss - but |
would support it when you say "field of GIA modelling".

The phrase ‘in detail” has been deleted on line 13.

First paragraph of Introduction: I’d suggest to add 1-2 sentences about the term "postglacial rebound" which you
mention three times in this paper, e.g. L780 "postglacial rebound is not the only GIA-related process". It would
be good for the reader to learn about this term and how it relates to GIA, especially as it is still often used
synonymously in publications.

A definition of ‘postglacial rebound’ is now included on lines 6-8.

L44-59: as your paper has next to modelling a strong bias to sea level, it is perhaps good to mention a couple of
other review papers the reader can look at, e.g. Whitehouse (2009, | really missed that in the references), Steffen
& Wu (2011), Milne (2015), Spada (2017)

A reference to these articles is included on lines 48-49.

L64/65: The sentence is per se ok but | note that Celsius was not the first to cut marks for the sea level in rocks,
see Morner (1979). Celsius’ intention though was to allow rigorous measurements, especially for future
generations. See Martin Ekman’s new book (2016) about Celsius, section 5.4 therein.

This sentence has been rephrased (lines 67-69) to reflect the fact that Celsius was not the first to cut sea-level
marks.

Section 2.2: This section discusses only GIA models applying the sea-level equation but misses among others
flat Finite Element models. Also GIA-fault models are not yet connected to it. I’d suggest to either alter the title
slightly including the SLE or add another short section with a discussion of models not involving the SLE, see
my comments on L216-218.

The title of section 2.2 has been edited to reflect the fact that this section only considers models that solve the
sea-level equation. The other types of models mentioned by the reviewer are now discussed in section 2.3.2. See
also response to comments associated with L216-218.

L183/184: you can well mention here that the "system Earth" has further contribution that you will pick up later.
It was decided not to include discussion of non-GIA processes at this point. No edits made.

L209: I’d suggest to add references Lambeck et al. (2001) and Milne et al. (2002) here and add a few words on

the issue briefly discussed in both papers, that is that inconsistent use of this term has caused some confusion
earlier, thus one should be aware that some publications may use it in a wrong way.



References to both papers have been included on lines 224-226, along with a brief discussion of the pitfalls
associated with the term ‘eustatic’. Additional text in this paragraph reflects responses to similar comments by
Reviewer 1.

L216-218: Although this paragraph intends to make a link to following sections, | became irritated while
reading the next sections. | expected a discussion of the different quantities of the SLE, especially as you began
in 2.2.2 with the solid Earth, thus | expected the ice thickness evolution next and so on. Putting 2.2.2 aside (and
perhaps move it somewhere else) Section 2.2 would deal with the SLE only because 2.2.3-2.2.5 deal with SLE
but not with GIA models as indicated in the title of 2.2. So a suggestion could be to rename section 2.2 to
"Development of the sea-level equation” or something similar, section 2.2.1 to "The original form of the sea-
level equation”, moving 2.2.2 after 2.2.4 to have old 2.2.1, 2.2.3 and 2.2.4 as new 2.2.1, 2.2.2 and 2.2.3. Then
put old 2.2.2 together with 2.2.5 and perhaps other GIA models without application of the SLE including GIA-
faults models (R. Steffen et al. 2014a) to a longer new "Numerical methods for modelling GIA" section with old
2.2.2, missing GIA without SLE, old 2.2.5 to new 2.3.1, 2.3.2 and 2.3.3. This should also fit the title of section
2.

This section of the article has been re-ordered, following the suggestions of the reviewer. Section 2.2 is now
titled ‘Development of the sea-level equation®, and contains sections on ‘The original form of the sea-level
equation’ (2.2.1), ‘Extensions to the sea-level equation’ (2.2.2), and ’Confirmation of early theories and
implications for the interpretation of sea-level records’ (2.2.3). Section 2.3 has been added; it is titled
‘Numerical methods used to model GIA’, and contains sections on ‘Representation of the solid Earth’ (2.3.1)
and ‘Modelling approaches’ (2.3.2). The majority of the text in sections 2.2 and 2.3 is unchanged (except in
response to other reviewer comments), but additional text has been included in section 2.3.2 on modelling
approaches that do not solve the sea-level equation and the modelling of glacially-induced faults.

Section 2.2.5: I’d suggest if possible add a few words on the temporal and spatial resolution of the models and
how it has changed over the years. Anything easy to say about the run time for such models - really general in
terms of minutes, hours or days?

Given the additional text already added in response to other suggestions by the reviewers in what is now section
2.3.2, it was decided not to include this additional information in the manuscript. No edits made.

Section 2.3: (1.) You briefly mention optimal location later but I’d suggest to place a few words already here. |
note that there is not only the study by Wu et al. (2010) on optimal GPS, later on Steffen et al. (2012, 2014) also
discussed optimal gravity and RSL data, respectively. (2.) You miss a quite interesting, though also difficult to
analyse data set: tide gauges - just mentioned two times in the manuscript. However, it is a crucial data set in all
sea-level rise discussions. I’d suggest to add a section here.

(1) A sentence has been added on lines 399-400 supporting the collection of new data from locations that are
optimally sensitive to the details of ice history and Earth rheology, and the three suggested references are
included. (2) A couple of sentences on tide gauges are included on lines 424-427.

Section 2.3.3: | miss the studies by Nerem & Mitchum (2002) and Kuo et al. (2004) using SAR together with
tide gauges.

The suggested references have been added on line 462.

L.396-398: I’d suggest to mention the GIA-frame approach introduced in Kierulf et al. (2014) that deals with this
problem and can be regarded quite successful when checking the discussion therein.

This additional information has not been included in the manuscript. No edits made.

L398-401: Getting information on the subsurface structure from horizontal velocities was the aim of Milne et al.
(2004), Steffen et al. (2007) and Steffen and Wu (2014). The latter two papers are quite technical and | admit
rather complex for reading but they support your conclusion that horizontal rates have not yet been used to their
full potential. However, studies exist.

Text has been edited in response to Reviewer 1, and a reference to Steffen and Wu (2014) has been added on
line 477.



L416: suggest to add "e.g." to the references
Changes implemented on line 493.

L424-426: in view of the relationship between uplift and gravity change, the study by Olsson et al. (2015)
should be mentioned.

Reference added on line 503.

L439: strongly suggest to change "may not be" to "are not"

Text edited on line 516.

L449/450: Argus et al. (2014) should be mentioned along the three papers.

Reference added on line 527.

Section 2.3.6: one of the rather short sections where much research has been undertaken, see the works by Wu,
Johnston, Klemann, Kaufmann, Lund, R. Steffen etc. This section should be expanded. Stewart et al. (2000) is
certainly a key paper but important studies were already published in the late 70s and much research was
triggered by the studies of Spada et al. (1991), Wu & Hasegawa (1996a,b) and Arvidsson (1996), to name a few.
This section (Sect. 2.4.6) has been expanded, although since it comes under the broad heading of ‘Data’ (Sect.
2.4) some purely-modelling results have not been included. Additional references have been added, both in this
section and in the section on ‘Modelling approaches’ (section 2.3.2).

L455/456. The unloading is not only able to trigger postglacial faulting but also more recent (historic)
earthquakes can be linked to GIA, see Brandes et al. (2015). Since a few years the term "postglacial fault” or
"postglacial faulting” is thus under discussion, see e.g. Lund (2015). My personal preference is "glacially
induced fault™.

The phrases ‘glacially-induced faulting” and ‘glacially-induced earthquakes’ have been adopted in Section 2.4.6.
L458: triggering slip on pre-existing faults was a major result of R. Steffen et al. (2014b).

This reference is now included on line 535.

L495: I"d suggest to add Nordman et al. (2015) to Fennoscandia (Lev Tarasov’s North-European model), and
Lambeck (1995) for the British ice sheet. What about Patagonia and the work of Ivins and James (2004)?

The article by Nordman et al. (2015) has not been included since it contains very little information about the ice
models used in that study to drive the GIA modelling, and as far as | can tell they were not produced by
‘comparing GIA model output with a range of data sets’ (line 589). Patagonia is not mentioned in this paragraph
because the ice that grows there is not large enough to be defined as an ‘ice sheet’ (although the article
mentioned by the reviewer is cited elsewhere in the manuscript). Reference to the article by Lambeck (1995) has
been added on line 591.

L498: Lambeck et al. (e.g. Lambeck et al. 2014) and Tarasov also work on global models and should be named.

Reference to Lambeck et al. (2014) added on line 595; I’'m afraid I could not find a suitable reference for the
Tarasov global model so this is not mentioned in the text.

L577: Klemann et al. (2008) should be cited for the effect of plate boundaries.
Reference added to lines 673-674.
L578: Wang & Wu (2006a,b) also analyzed the effect of a 3D lithosphere (it’s in the paper titles).

References added on line 675.



Section 3.3: In view of this section, L677/678, Section 4.2 and the Conclusions you can state that GIA is part of
Earth System Modelling and should always be investigated in an interdisciplinary context.

A statement about the importance of including GIA in future Earth System modelling efforts is now included on
lines 776-777.

L688-691: | miss a reference here.

I am currently involved in a study that seeks to quantify the magnitude of this component of post-glacial sea-
level rise; to my knowledge it has not previously been quantified and therefore | am unable to provide a
reference.

L725: This relates to the concept of "underwater GPS". Future measurements may help solving this question and
it is perhaps worth to mention that research is going on in this field (e.g. Ramesh et al. 2016, Honsho & Kido,
2017).

A reference to Honsho and Kido (2017) has been added on line 825.

L729: I"d suggest stating "use of satellite gravity data". Terrestrial gravity data are not a gap-filler for GPS in
view of the effort to perform a single measurement.

Text altered on line 829.
L777: The studies by Schmidt et al. (2013) and Kutterolf et al. (2013) should also be mentioned.

A reference to Schmidt et al. (2013) is now included on line 877, and a reference to Kutterolf et al. (2013) is
inserted later in the paragraph in a more relevant location (line 882-883).

L830: "central component of any GIA model™ implies that flat FE models are no GIA models..., suggest "any
GIA model"="the majority of GIA models"

This part of the sentence has been deleted.

Figure 1: In view of the basic equations the outputs are not complete. Rotation and stress are missing, which are
both quantities that you discuss in your manuscript. Should be added.

Labels relating to rotation and stress have been added to Figure 1.

Technical corrections
L97: The first ice(-)cap appearance should be without dash
Thanks, this has been corrected.

L827: correct brackets for Daly (1925)
Thanks, this has been corrected.



10

15

20

25

30

Glacial Isostatic Adjustment modelling: historical perspectives, recent advances, and future directions

Pippa L. Whitehouse!
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Abstract. Glacial Isostatic Adjustment (GIA) describes the response of the solid Earth, the gravitational field, and

conseguenthy-the oceans to the growth and decay of the global ice sheets. H-is-a-process-that-takes-placerelatively rapidiyA
commonly-studied component of GIA is ‘postglacial rebound’, which specifically relates to uplift of the land surface following

ice melt. GIA is a relatively rapid process, triggering 100 m-scale changes in sea level and solid Earth deformation over just a

few tens of thousands of years. Indeed, the first-order effects of GIA could already be quantified several hundred years ago
without reliance on precise measurement techniques and scientists have been developing a unifying theory for the observations
for over 200 years. Progress towards this goal required a number of significant breakthroughs to be made, including the
recognition that ice sheets were once more extensive, the solid Earth changes shape over time, and gravity plays a central role
in determining the pattern of sea-level change. This article describes in-detat-the historical development of the field of GIA
and provides an overview of the processes involved. Significant recent progress has been made as concepts associated with
GIA have begun to be incorporated into parallel fields of research; these advances are discussed, along with the role that GIA

is likely to play in addressing outstanding research questions within the field of Earth system modelling.

1 Introduction

The response of the solid Earth to the collapse of northern hemisphere ice sheets following the Last Glacial Maximum (LGM,

~21,000 years ago) continues today at a rate so large (>10 mm/yr, e.g. Lidberg et al., 2010; Sella et al., 2007) that glacial
isostatic adjustment (GIA) is one of the few geophysical processes that can be readily observed on human timescales without
recourse to sophisticated scientific measurement techniques. For this reason, the more easily-observed impacts of GIA, such
as shoreline migration, played an important role in motivating the development of ideas associated with climate cycles, sea-
level change, geodesy and isostasy during the 19" and early 20" century (Jamieson, 1865; Croll, 1875; Woodward, 1888;
Nansen, 1921; Daly, 1925). The field has a long history of combining observations with theory, and the exchange of ideas

between scientists working in a suite of different disciplines has repeatedly resulted in important scientific breakthroughs.

The modern field of GIA addresses the classic geodynamics problem of determining the solid Earth response to surface load
changes by ice and ocean water, whilst at the same time solving for the gravitationally-consistent redistribution of meltwater
across the global ocean. Calculations are necessarily carried out on a global scale, and numerical models of GIA consider the
behaviour of three fundamental components of the Earth system: the solid Earth, the global ocean, and the ice sheets (see

Figure 1). Inputs to a GIA model typically include a priori estimates for the history of global ice-sheet change and the rheology
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of the solid Earth, with changes to the shape of the ocean and the solid Earth being determined by solving the sea-level equation
(Farrell and Clark, 1976; see also Sect. 2.2). A wealth of data can be used to determine the details of GIA model inputs, e.g.
geological evidence can provide information on past ice extent (Bentley et al., 2014), while modelling of mantle dynamics can
be used to determine independent constraints on mantle viscosity (e.g. Mitrovica and Forte, 2004). However, the reason GIA
is of interest across so many disciplines is that the problem can be turned around, and observations relating to past sea-level
change or solid Earth deformation — the classical ‘outputs’ of a GIA model (Figure 1) — can be used to infer information
relating to the ‘inputs’, namely ice-sheet history and Earth rheology (e.g. Lambeck et al., 1998; Peltier, 2004). As in all
disciplines where data play a crucial role in determining model parameters, uncertainties and spatial/temporal gaps in the data
leave room for non-uniqueness in the solutions invoked to explain the observations, but intellectual input from a diverse range
of sources over the last 200 years has helped to steer the field towards robust explanations for the varied range of processes

that are associated with GIA.

In this article the development of GIA modelling is traced from initial observations of rapid shoreline migration in 15% century
Sweden through to sophisticated approaches that incorporate feedbacks between ice, ocean and solid Earth dynamics. The
historical development of the field; is described in Sect. 2.1 and the remainder of Sect. 2 provides an overview of the underlying
theory, important results, and data sets used to constrain GIA modelling-are-discussed-in-Seect—2-recent — more detailed reviews
of the technical aspects of GIA modelling can be found elsewhere (e.g. Whitehouse, 2009; Steffen and Wu, 2011; Milne, 2015;

Spada, 2017). Recent developments in the field are discussed in Sect. 3, and the article concludes with a discussion of
unresolved questions that warrant future attention (Sect. 4). We begin by motivating this review with a brief summary of the
fields that have been influenced by studies of GIA.

1.1 Applications of GIA

GIA plays a role in studies that span the fields of climate, cryosphere, geodesy, geodynamics, geomorphology, and natural
hazards. Some of the fundamental scientific questions that require consideration of GIA include: (i) linking ice-sheet response
to past climatic change; (ii) understanding the rheology of the interior of the Earth; (iii) determining present--day ice sheet
mass balance and sea-level change; (iv) interpreting palaeo-sea-level records; (v) understanding ice-sheet dynamics; (vi)
quantifying tectonic hazard; (vii) reconstructing palaeo-drainage systems; (viii) interpreting the gravity field and rotational
state of the Earth; (ix) understanding coastal change and past migration routes; and (x) understanding the causes of volcanism.

Comparison with data is a central component of GIA studies, and in many cases misfits between observations and predictions
have led to new understanding of factors that had not previously been considered, such as feedbacks between GIA and ice
dynamics or the influence of lateral variations in mantle rheology. The historical development of this multi-faceted subject is

an interesting story.
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2 Review of GIA modelling
2.1 Historical perspective

The people of Scandinavia must have been aware of the effects of GIA for many centuries. As an example, by 1491 AD the
ancient port of Osthammer could no longer be reached by boat and the city had to be relocated closer to the sea (Ekman, 2009).

However, it was not until 4731-ABthe first half of the 18" century that rigorous measurements of relative sea-level change —

i.e. change in local water depth — were initiated with the cutting of a series of ‘mean sea level marks’ into a-coastal reck-at
Lévgrund;rocks around Sweden (Ekman, 2009). Using historical documents to extend the record of sea-level change back to
1563 AD, Celsius (1743) carried out the first calculations associated with GIA and determined that sea-level in the Gulf of
Bothnia was falling at a rate of 1.4 cm/yr relative to the height of the land. He assumed that the change was due to a fall in sea
level but at the time there was considerable disagreement, with others proposing that the cause was land uplift (see Ekman

(2009) for a thorough review of the subject).

The question was partly resolved by considering evidence for relative sea-level change in different locations around the world.
Playfair (1802) noted that past sea levels had been higher in such diverse locations as Scotland, the Baltic, and the Pacific, but
lower in the Mediterranean and southern England. Ideas associated with the concept of an equipotential surface were yet to be
put forward (e.g. Stokes, 1849), and therefore Playfair (1802) argued that since “the ocean... cannot rise in one place and fall
in another” the differences must be associated with land level changes. Without any means to determine the timing of past
relative sea-level change in different locations this argument is flawed, but more robust evidence was provided by Lyell (1835),
who used an ingenious variety of observations to determine that the rate of relative sea-level change across Sweden varied
from place to place. Following a similar argument to Playfair (1802), Lyell (1835) concluded that his observations could only
be explained by variations in the rate of land uplift, since (he assumed) sea-level fall would produce a spatially-uniform rate

of change.

These early studies explored a number of explanations for the change in the height of the land, and the idea that an ice sheet
could have depressed the land was first proposed by Jamieson (1865). He was familiar with the geomorphological evidence
for past ice cover across Scotland, but made the important observation that whilst marine deposits could be found well above
current sea level near the coast, they were not present in lower areas in the interior. This led him to propose that the weight of
the ice sheet must have depressed the coastal land below sea level, but that the presence of the ice prevented the interior from
being flooded. This was the first suggestion that an ice sheet could deform the Earth, and whilst such ideas were relatively
quickly taken up by field scientists (e.g. Chamberlin and Salisbury, 1885), they were not widely accepted by those who took
a more theoretical approach, largely due to ongoing disagreement regarding the structure of the interior of the Earth and the
concept of isostasy (e.g. Barrell, 1919). Crucially, the idea that the surface of the Earth could deform in response to a change

in surface load was neglected by those who first considered the effect of gravity on sea level.
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An important contribution to the field came from Croll (1875), who proposed that there had been repeated glacial cycles and
hence periodic changes in the distribution of mass throughout the Earth system. Based on his assumption that the ocean takes
on a spherical form around the centre of mass of the Earth, he calculated the displacement of the centre of mass due to the
presence of an ice -cap, and found that the centre of mass of the system would be displaced towards the ice cap, thus providing
an explanation for the observation that sea levels were higher during glacial times in Scotland. However, Croll’s (1875) theory
was flawed in two important ways: (i) he dismissed solid Earth deformation to be a local effect and did not link it to ice loading,
and (ii) he did not appreciate that the redistribution of mass throughout the Earth system would alter the shape of the ocean

surface. This second issue was addressed in detail by Woodward (1888) around a decade later.

Woodward’s (1888) interest in the shape of the Earth’s gravitational field was motivated by questions posed to him regarding
the differing elevations of contemporaneous palaeo-shorelines of the former Lake Bonneville (Gilbert, 1885b), and the tilt of
lake shorelines and glacial deposits associated with the past glaciation of North America (Chamberlin and Salisbury, 1885;
Gilbert, 1885a). The authors of these studies were supporters of the hypothesis that surface load changes, in the form of water,
ice or sediment, could deform the surface of the Earth, and they deduced that the solid Earth response to surface loading could
provide an explanation for their observations (Gilbert, 1885b; Chamberlin and Salisbury, 1885). Indeed, Gilbert (1890) used
palaeo-shoreline observations from Lake Bonneville to draw early conclusions on the rheological properties of the Earth.
However, building on the ideas of Croll (1875), this group of scientists also wondered whether gravitational attraction, e.g. of

an ice sheet, played a role in explaining their observations.

They turned to Woodward (1888) for the answer, and he carried out detailed calculations relating to the change in the shape
of the geoid that would arise due to the redistribution of surface mass associated with the appearance/disappearance of an ice
sheet. He used realistic estimates for the shape and size of an ice sheet, and took into account the self-attraction of the ocean
and the different densities of ice and water. He also appreciated the need to conserve mass when transferring water between
the ice sheets and the ocean, but addressed a simplified problem in which ice is transferred directly between the two polar
regions (cf. Croll, 1875), i.e. his calculations assumed no net change in ocean volume. The key result of this work was a
prediction of the perturbation to the height of the geoid at a series of radial distances from the centre of a growing ice sheet.
Although he did not formally account for changes in ocean volume, the magnitude of the geoid perturbation in the near-field
of the ice sheet led Woodward (1888) to hypothesize that as the ice sheet formed, water depths in the near-field would increase,

despite a net decrease in ocean volume — a result that still surprises many people today!

The one shortcoming of Woodward’s (1888) analysis was his decision to neglect the deformation of the Earth in response to
surface loading. This led him to conclude that the volume of ice needed to explain the tilt of palaeo-shorelines in the Great

Lakes region (Gilbert, 1885a) was unfeasibly large. If he had been able to include an estimate of Earth deformation he may
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well have realized that the palaeo-shorelines could be explained by a combination of postglacial rebound and tilting of the

geoid surface due to the attraction of the former ice sheet (e.g. Figure 2).

Important advances towards understanding the role of Earth deformation were made by Nansen (1921, p.288), who used the
concepts of isostasy and mass balance to show that sea-level change could be explained by some combination of ice-sheet melt
and land deformation: “along great parts of the coasts of Fenno-Scandia, this rise of sea-level was more or less masked by the
still faster upheaval of the land, and it was only during certain periods when the temperature was much raised and the melting
of the ice caps much increased, that the rise of sea-level was sufficiently rapid to cause a pause in the negative shift of the

shoreline so considerable that conspicuous marine terraces, beaches, or shorelines could be developed.”

Nansen (1921) did not consider the gravitational effect of mass redistribution when discussing the causes of relative sea-level
change, but he did understand that the Earth would continue to deform viscously for a prolonged period following mass
redistribution, and hence that relative sea-level change would continue after the volume of the ocean stabilized. This reasoning
led him to suggest that ongoing subsidence of the seafloor due to the past addition of meltwater to the ocean could explain
observations of recent global sea-level fall (Daly, 1920) and that the growth and decay of peripheral bulges within the ocean
need to be accounted for when calculating the magnitude of sea-level change during a glacial cycle. This latter point is an early
description of the ‘ocean syphoning’ effect (see Sect. 2:2-42.2.3 and Figure 2b). Daly (1925) further explored the implications
of solid Earth deformation when seeking to interpret an impressive array of sea-level observations from around the world,
making use of the idea that the Earth would respond both elastically and viscously in response to surface loading. He also
highlighted the important, but little-known, work of Rudzki (1899), who took Woodward’s (1888) geoid calculations and used
them to re-calculate the spatially-variable sea-level change that would result from the melting of a circular ice cap, but now
accounting for the combined effects of (elastic) Earth deformation, the change in ocean volume, and the change in the shape

of the gravitational field due to the redistribution of both ice and solid Earth mass.

By the 1920’s a range of approaches had been used to estimate the magnitude of the sea-level lowstand at the peak of the last
glaciation (Daly, 1925). Nansen’s (1921) estimates for global ice volume were based on calculations linking the magnitude of
depression beneath the former ice sheets (evidenced by marine deposits, which are now located above present sea level) to the
relative density of ice and upper mantle material, accounting for the fact that some mantle material would be laterally displaced
to form peripheral bulges. Impressively, his estimate for the mean sea-level change associated with “the formation of the
Pleistocene ice-caps” was 130 m, a value that is almost identical to contemporary estimates (Lambeck et al., 2014). Nansen’s
(1921) calculations accounted for changes in the area of the ocean through time, and he identified several factors that
necessitate an iterative approach to calculating changes in sea level. In particular, he noted that since ice loading deforms both
continental and oceanic areas, the true change in water depth (which determines the deformation due to ocean loading) will be

different to the value that would be determined by considering a constant ocean area and a non-deforming Earth. These
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feedbacks between ice and ocean loading are a fundamental feature of the sea-level equation (Farrell and Clark, 1976), which

forms the basis of all-most contemporary GIA models.

These early scientists made impressive use of the data available to them, and the final piece of the puzzle came with the ability
to determine the timing of past environmental change (e.g. De Geer, 1912), which allowed the first estimate for the viscosity
of the mantle to be determined (Haskell, 1935; ~102' Pa s for the upper mantle). Studies into the viscosity of Earth’s mantle
developed rapidly from the 1960’s onwards (e.g. McConnell, 1968; O'Connell, 1971; Peltier, 1974; Cathles, 1975), and the
stage was set for a global model of GIA that accounted for (i) ice-ocean mass conservation, (ii) viscoelastic deformation of the
Earth, and (iii) gravitationally self-consistent perturbations to the shape of the geoid. The following section outlines the
modelling approach that was developed in the 1970’s to address these issues. The models developed during this period underpin
all contemporary studies of GIA, and provide confirmation of many of the fundamental ideas proposed during the 19" and

early 20" century.

2.2 Development of rumerical-meodels-ef GlAthe sea-level equation

2.2.1 The original form of the sea-level equation

When modelling processes associated with GIA, water from a melting ice sheet is assumed to be instantaneously redistributed
across the global ocean according to the shape of the geoid, where the geoid is an-the equipotential surface that defines the
shape of the sea surface in the absence of dynamic forcing by atmospheric or oceanic circulation. The shape of the geoid
depends on the distribution of mass throughout the Earth system. There are feedbacks to be considered because the change in
the distribution of surface mass (e.g. the decrease in the mass of the ice sheet and the addition of mass to the ocean) must be
taken into account when calculating the shape of the geoid as the meltwater is redistributed (Figure 2). However, the situation
is more complicated than this because the shrinking of the ice sheet and the transferral of water to the ocean causes the solid
Earth to deform, and this redistribution of mass inside the Earth further alters the shape of the geoid. Calculations to determine
the change in sea level due to the melting of an ice sheet must therefore be carried out iteratively. The problem is further
complicated by the fact that the deformation of the Earth reflects both contemporary and past surface mass change due to the

viscoelastic properties of the mantle (Cathles, 1975).

There are two fundamental unknowns within GIA: the history of the global ice sheets and the rheology of the solid Earth
(Figure 1). These are traditionally determined via an iterative approach, using a range of data (see Sect. 2:32.4). Once they are
known, or once a first estimate has been determined, then the spatially-varying history of relative sea-level change can be
uniguely determined by solving the sea-level equation, which defines the gravitationally self-consistent redistribution of
meltwater across the ocean. The theoretical development of the sea-level equation is covered extensively elsewhere (e.g. Farrell
and Clark, 1976; Mitrovica and Milne, 2003; Spada and Stocchi, 2006; Spada, 2017), and hence we briefly restate the main
form of the equation here, starting with a definition of relative sea level:
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S=N-U 6N

Here, S is relative sea level, or water depth; N is absolute sea level, defined as the height of the sea surface above the centre of

mass of the solid Earth, and U is the height of the seafloor, again defined relative to the centre of mass of the solid Earth. From

Eq. (1) it is clear that changes in relative sea level (AS) arise due to a combination of changes to the height of the sea surface

and the seafloor. Deformation of these two surfaces occurs in response to ice and ocean load changes, as calculated within the

sea-level equation:

ASL(6,,t) = %GSQZ)L-I + pTWGS®OASL+ Co, (1) (42)

ASE(0,,1) is the change in relative sea level (or, equivalently, water depth) at co-latitude 6 and longitude v, between time t

and some reference time to, | is the spatio-temporal evolution of global ice thickness change, pi and pw are ice and ocean water
density, respectively, y is the acceleration due to gravity at Earth’s surface, Gs represents a Green’s function that describes
perturbations to the solid Earth displacement field and the gravitational potential due to surface loading, constructed by
combining viscoelastic surface load Love numbers (Peltier, 1974; Spada and Stocchi, 2006), and ®; and ®, represent
convolutions in space and time over the ice sheets and the ocean, respectively. Note the appearance of ASE on both sides of
the-eguationEg. (2), indicating that the sea-level equation is an integral equation and an iterative approach is required to solve
it. The first two terms on the right-hand side of Eq. (2) are spatially-varying terms that describe the perturbation to sea level
due to ice and ocean loading respectively, while Cg(t) is a time-dependent uniform shift in the-geoidrelative sea level that is

invoked to satisfy conservation of mass:

i(t i w
Co () = —W’"A—i()t)— ”705®i1 - pTGS®OAS£ (23)

The first term #r-on the right-hand side of Eq. (23) is often referred to as the ‘eustatic’ term; it describes the spatially uniform

sea--level change that takes place across ocean area Ao(t) due to a change in ice mass of magnitude mi(t), in the absence of any

solid Earth deformation. The word ‘eustatic’ was first used by Eduard Suess to describe changes in sea level “which take place
at an approximately equal height, whether in a positive or negative direction, over the whole globe” (Suess, 1906). Today, it

is used to describe the relationship between global ice volume change and global mean sea-level change, but the conversion is

not straightforward (Milne et al., 2002), and the term ‘eustatic” has been used inconsistently in the literature (Lambeck et al.,

2001). In light of this, the most recent IPCC report does not use the term ‘eustatic’, but instead adopts the term ‘barystatic’ to

define global mean sea-level changes resulting from a change in the mass of the ocean (IPCC, 2013). By accounting for the

time-dependence of ocean area in Eg. (3), we acknowledge the fact that global mean sea-level change will depend on the

rheology of the solid Earth. Inclusion of this dynamic effect, along with consideration of rotational feedback (Sect. 2.2.2),




230 makes the sea-level equation a non-linear equation. The final two terms of Eq. (3) are the spatial average over the ocean

(indicated by the overbar) of the spatially-varying terms in Eq. (22). These final terms must be subtracted because although
the mean of the spatially-varying perturbations-terms will be zero when integrated over the whole of Earth’s surface, the mean
will not necessarily be zero when integrated over the ocean; hence a uniform shift is applied to conserve mass.

235 The following two sections previdefurther-insight-into-specific-components-ef-describe recent extensions to the sea-level

equation, and a description of how it has been used to provide confirmation of several global-scale processes that were

hypothesized during the 19" and early 20" centuries.
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2.2.3-2 Extensions to the sea-level equation

The original statement of the sea-level equation by Farrell and Clark (1976) did not account for temporal variations in ocean
area, which can arise via two processes (Figure 3). First, since the ocean is not typically bounded by vertical cliffs, a rise or
fall in sea level at a particular location will result in onlap or offlap, and hence an increase or decrease in the area of the ocean,
respectively. This issue was first addressed in-a-self-consistent-manner-by Johnston (1993). Secondly, during past glacial
periods all the major ice sheets grew beyond the confines of the continent on which they were initially situated, expanding into
the ocean and forming large areas of marine-grounded ice. Temporal variations in the extent of a marine-grounded ice sheet
will alter the ocean area over which meltwater can be redistributed. The treatment of marine-grounded ice within the sea-level
equation was first discussed by Milne (1998), and a detailed description of how to implement shoreline migration due to both

processes is given in Mitrovica and Milne (2003).

An additional extension to the sea-level equation involves the treatment of rotational feedback (Figure 4). It is clear that since
GIA alters the distribution of mass throughout the Earth system this will perturb the magnitude and direction of Earth’s rotation
vector (e.g. Nakiboglu and Lambeck, 1980; Sabadini et al., 1982; Wu and Peltier, 1984). These changes will, in turn, affect a
number of processes associated with GIA: changing the Earth’s rotation vector will instantaneously alter the shape of the sea
surface, i.e. the shape of the geoid (Milne and Mitrovica, 1998), and cause elastic deformation, while over longer timescales
it will excite viscous deformation of the solid Earth deformation-(Han and Wahr, 1989), thus further altering the shape of the

geoid (Figure 4a). Over both timescales these mechanisms result in a long-wavelength change in the distribution of water

across the ocean and this will excite additional solid Earth deformation, thus further altering the rotational state of the Earth.
These feedbacks were first implemented within the sea-level equation by Milne and Mitrovica (1998), and a number of
important updates to the theory have been made in recent years (Mitrovica et al., 2005; Mitrovica and Wahr, 2011; Martinec
and Hagedoorn, 2014).

2.2.4-3 Confirmation of early theories and implications for the interpretation of sea-level records

Solutions to the sea-level equation reflect processes that were originally described by Jamieson (1865), Croll (1875), Gilbert
(1885b), Woodward (1888), and Nansen (1921). Temporal variations in water depth arise due to changes in the total mass of
the ocean (as described by Croll (1875)) and the shape of its two bounding surfaces; the sea surface (as proposed by Woodward
(1888)) and the solid Earth (as proposed by Jamieson (1865) and Gilbert (1885b)). Furthermore, as suggested by Nansen
(1921), the shape of these bounding surfaces will continue to evolve even during periods of constant global ice mass due to
the transient-time dependent nature of the solid Earth response to surface loading. Observations of relative sea-level change

therefore require careful interpretation, particularly if they are to be used to determine changes in global ice volume.
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The magnitude of sea-level change in the far-field of the major ice sheets has long been used to constrain changes in global
ice volume (e.g. Fairbanks, 1989; Fleming et al., 1998; Milne et al., 2002), but this approach is complicated by the fact that
the location at which ‘eustatic’ or mean sea-level change is recorded will vary over time (Milne and Mitrovica, 2008). It is
clear that sea-level change in the near-field of an ice sheet will reflect perturbations to the shape of the geoid and the solid
Earth due to the presence, and loading effect, of the evolving ice sheet as well as changes in total ocean mass (e.g. Shennan et
al., 2002), but far-field records of sea-level change will also be biased by long-wavelength, spatially-varying processes

associated with GIA. The most important of these processes are outlined below:

- Meltwater fingerprints (building on theory developed by Woodward, 1888): Sea-level change associated with the
addition of meltwater to the ocean will be spatially-variable (Milne et al., 2009); a decrease in water depth will be recorded
in the near-field of a melting ice sheet due to solid Earth rebound and a fall in the height of the geoid in response to the
decrease in ice mass (Figure 2a). Consequently, the increase in water depth far from the melting ice sheet will be greater
than the global mean. Predictions of this ‘fingerprint’ of sea-level change (Plag and Jittner, 2001) associated with different
ice-sheet melt scenarios have been used to distinguish between melt sources during past and present periods of rapid sea-
level change (Mitrovica et al., 2001; Clark et al., 2002; Hay et al., 2015).

- Ocean syphoning (originally hypothesized by Nansen, 1921): In the same way that rebound in response to ice mass
loss can persist for many thousands of years, subsidence of peripheral bulge regions also continues long after the ice sheets
have melted. These peripheral bulge regions surround the former ice sheets and are typically located offshore, and hence
their collapse acts to increase the capacity of the ocean basins (Figure 2b). In the absence of significant changes in ocean
volume, peripheral bulge collapse will result in a fall in absolute mean-sea level (the height of the sea surface relative to
the centre of the Earth) even though global mean water depth will be unchanged. This ‘ocean syphoning’ effect explains
why mid-Holocene sea-level highstands are observed across many equatorial regions (Mitrovica and Peltier, 1991b;
Mitrovica and Milne, 2002), and it must also be accounted for when interpreting contemporary measurements of global
sea-level change derived from satellite altimetry (Tamisiea, 2011). At sites located on a subsiding peripheral bulge, relative
sea-level rise will occur throughout an interglacial period, even if global ice volumes remain roughly constant (Lambeck
etal., 2012).

- Continental levering: During the LGM lowstand many continental shelves were sub-aerially exposed. Loading by the
ocean during the subsequent sea-level rise will have caused the newly-submerged continental shelves to be flexed
downwards and the margins of the continents to be flexed upwards (Walcott, 1972). This ‘continental levering’ effect
must be accounted for when interpreting sea-level records recovered from regions adjacent to extensive continental
shelves. In particular, it should be noted that coastlines orientated perpendicular to the continental shelf break will

experience differential amounts of uplift (e.g. Lambeck and Nakada, 1990; Clement et al., 2016).
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2.2-5-3 Numerical methods te-selve-the-sea-level-equationused to model GIA

2.3.1 Representation of the solid Earth

In order to calculate the solid Earth response to surface load change over glacial timescales the Earth is commonly assumed to

be a linear Maxwell viscoelastic body (Peltier, 1974), although a number of studies alternatively adopt a power-law approach

(Wu, 1998). The spatially-variable, time-dependent response of a Maxwell body to surface load change can be calculated using

viscoelastic Love numbers (building on the work of Love, 1909), which define the response of a spherically-symmetric, self-

gravitating, viscoelastic sphere to an impulse point load (Peltier, 1974; Wu, 1978; Han and Wahr, 1995). The Love numbers

reflect the assumed viscosity profile of the mantle, which must be defined a priori. Alternatively, if a power-law approach is

used, the problem becomes non-linear and the Love number approach cannot be used. Instead, the effective viscosity of the

mantle will depend on the stress field throughout the mantle, which depends on surface load change. The non-linear stress-

strain relationships that form the basis of the power-law approach are based on the results of laboratory experiments that seek

to understand the controls on deformation within the mantle (Hirth and Kohlstedt, 2003). For both approaches the elastic and

density structure throughout the Earth must be defined (e.q. Dziewonski and Anderson, 1981), and the deformation of the

whole Earth must be considered if the sea-level equation is to be solved (recall that the sea-level equation solves for global

meltwater distribution).

In a GIA model the lithosphere is typically represented by an elastic layer or a viscoelastic layer with viscosity high enough to

behave elastically on the timescale of a glacial cycle (tens of thousands of years) (e.g. Kuchar and Milne, 2015). The thickness

of this layer influences the wavelength of deformation (Nield et al., 2018), while the viscosity of the mantle controls the rate

of deformation. It therefore follows that the rheological properties of the Earth may be inferred from observations (Figure 1)

that reflect land uplift or subsidence in response to ice and ocean load change (e.g. Lambeck et al., 1998; Paulson et al., 2007a;

Lambeck et al., 2014; Peltier et al., 2015; Lau et al., 2016; Nakada et al., 2016). However, in reality, poor data coverage,

uncertainties associated with the ice load history, and spatial variations in Earth rheology make it difficult to uniquely

determine an optimal solution for Earth properties such as lithosphere thickness or mantle viscosity. To overcome this, some

studies consider multiple geodynamic processes when seeking to constrain mantle rheology (e.g. Mitrovica and Forte, 2004),

while others use independent data sets to define the rheological properties of the Earth. As an example, seismic wave speeds

can be related to the temperature distribution in the mantle, which in turn may be related to mantle viscosity (Ivins and Sammis,

1995). This approach is discussed in more detail in Sect. 3.2.

2.3.2 Modelling approaches

When considering a spherically-symmetric Earth with linear rheology, the Fhe-sea-level equation is most commonly solved

using a pseudo-spectral approach (e.g. Mitrovica and Peltier, 1991b; Mitrovica and Milne, 2003; Kendall et al., 2005; Spada
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and Stocchi, 2006; Adhikari et al., 2016). However, finite element (e.g. Wu and van der Wal, 2003; Zhong et al., 2003; Paulson
et al., 2005; Dal Forno et al., 2012), spectral-finite element (e.g. Martinec, 2000; Tanaka et al., 2011), and finite volume (e.g.
Latychev et al., 2005b) approaches have also been used, while approaches that use the adjoint method are under development
(Al-Attar and Tromp, 2014; Martinec et al., 2015). The equations used to represent solid Earth deformation may differ between

these approaches, and in particular the finite element approach was originally developed to permit consideration of power-law

rheology (Wu, 1992). A description of the different methods used to determine the response of the solid Earth to surface
loading is given in the GIA benchmarking study of Spada et al. (2011). In all cases, an iterative approach is required to

determine a gravitationally self-consistent solution to the sea-level equation due-te-is-integral-fermsince the time-dependent

change in ocean loading is not known a priori.

A number of studies have sought to model the solid Earth component of GIA without solving the sea-level equation. These

are often regional studies, where the focus is on determining the solid Earth response to local ice-load change (e.g. Auriac et

al., 2013; Mey et al., 2016), and the effect of global ocean change is less important and has a negligible effect on the results.

Focusing on a regional rather than a global domain allows the surface load to be modelled at high resolution (e.g. Nield et al.,

2014), or lateral variations in Earth structure to be incorporated (e.g. Kaufmann et al., 2000; Kaufmann et al., 2005; Nield et

al., 2018), while maintaining computational efficiency. A finite element approach is often used, and for domains up to the size

of the former Fennoscandian ice sheet the sphericity of the Earth can be neglected (Wu and Johnston, 1998), allowing a ‘flat-

earth’ approximation to be used.

In a few cases GIA models have been extended to explore the potential for GIA-related stress change to trigger earthquakes
(e.g. Spada et al., 1991; Wu and Hasegawa, 1996; Steffen et al., 2014c, d; Steffen et al., 2014b; Brandes et al., 2015). The

majority of these studies use either a 2D or 3D finite element approach that includes an elastic upper layer and a viscoelastic

mantle. Within the model the stress field associated with GIA is combined with the background tectonic stress field, and a

Coulomb failure criterion is implemented on pre-existing fault planes to identify faulting events. Models have been used to

calculate the likely magnitude and timing of slip on a range of different orientations of faults in response to different ice sheet

sizes (Steffen et al., 2014b)_as well as the resulting change in the regional stress field (Brandes et al., 2015).

2.3-4 Data

A fundamental component of GIA modelling is the use of data to constrain unknown factors associated with the ice history
and Earth rheology (Figure 1). Different data have different roles. For example, dated geomorphological evidence for past ice
extent can be used to define the surface load history, while observations relating to solid Earth rebeunddeformation, such as
relative sea-level indicators or GPS data, can be used to tune the rheological model. There exist strong trade-offs between the

timing and the magnitude of past surface load change (Figure 5a), as well as between the load history and the assumed rheology
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(Figure 5b). One way to address this non-uniqueness is to independently constrain ice history and Earth rheology outside the
confines of the GIA model. Altheugh;Alternatively, data sets that are sensitive to both factors, such as observations relating to
past sea-level change, provide very powerful constraints on the coupled problem (e.g. Lambeck et al., 1998). Future work
should focus on collecting new data from locations that are optimally sensitive to the details of ice history or Earth rheology
(Wu et al., 2010; Steffen et al., 2012a; Steffen et al., 2014a). In all cases where data are used to tune a GIA model, it is

important to assess whether there are unmodelled processes reflected in the data that may bias the results, and care must be

taken to assign realistic errors. The key data_sets used in studies of GIA are briefly described below.

2.34.1 Relative sea-level data

A sea-level indicator is a piece of evidence that provides information on past sea level. In order to be compared with GIA
model output, the age and current elevation of a sea-level indicator must be known (including associated uncertainties), as well
as the relationship between the sea-level indicator and mean sea level. Past relative sea-level change will be preserved in the
geological record as a change in the position of the shoreline or a change in water depth. Past shoreline change can be
reconstructed by identifying the time at which a particular location was inundated by, or isolated from, the ocean (Figure 3).
Such information can be derived from microfossil analysis of the sediment contained within isolation basins (lakes which-that
were previously connected to the ocean, or former lakes that are now drowned) (e.g. Watcham et al., 2011), or by determining
the age of an abandoned beach ridge, after accounting for the offset between the beach ridge and mean sea level in the modern
setting. In some cases, sea-level indicators may only indicate whether a particular location was previously above or below sea
level. For example, archaeological artefacts typically provide an upper bound on contemporaneous sea level, while the presence
of any type of in situ marine material provides a lower bound on past sea level. More specifically, if a fossil shell or coral is
found still in its growth position (either above or below present sea level), and its living-depth range is known, this can be used
to determine past water depths (e.g. Deschamps et al., 2012). Although, note that temporal variations in local conditions, e.g.
changes in water properties or tidal range, can alter the depth at which a particular species can survive (Hibbert et al., 2016).
At higher latitudes, reconstructions of saltmarsh environments have proved very useful for determining not only past changes
in water depth, but also more subtle information relating to whether sea level was rising or falling in the past (Barlow et al.,
2013). Finally, if past shorelines can be continuously reconstructed over length scales of a few kilometres or more, then the
subsequent warping of these contemporaneous surfaces provides a powerful constraint on GIA (McConnell, 1968).

Contemporary sea-level change can be determined by analysing historical tide gauge data and/or the altimetry record (e.qg.

Church and White, 2011). Much of the observed spatial variation will be due to steric changes, but if this can be accounted

for, then the remaining pattern of sea-level change provides information on both past and present ice-sheet change (Hay et al.,

2015).
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2.34.2 Ice extent data

Data relating to past ice extent, thickness, and flow direction all contribute useful information to ice-sheet reconstructions,
with the latter providing an indication of past ice-sheet dynamics, and hence the location of former ice domes (e.g. Margold et
al., 2015). Terrestrial and marine geomorphological features that must have formed at the margin of a former ice sheet, such
as moraines, grounding zone wedges, or deposits relating to ice-dammed lakes, can be used to build a picture of past ice extent
if the age of the features can be precisely dated. Indeed, a series of snapshots of past ice-sheet extent have been constructed
from geomorphological data for the Laurentide, British-Irish, and Fennoscandian ice sheets (Dyke et al., 2003; Clark et al.,
2012; Hughes et al., 2016). In contrast, determining past ice thickness over large spatial scales is more difficult. Field-based
reconstructions of past ice thickness typically rely on cosmogenic exposure dating to determine when, and to what depth,
mountain ranges in the interior of a former ice sheet were last covered by ice (Ballantyne, 2010). Care must be taken when
interpreting such information because complex topography will perturb the local ice flow, with the result that local ice thickness
fluctuations may not represent regional scale ice sheet thickness change. Another issue that must be taken into consideration
is the fact that often only evidence relating to the last glacial advance will be preserved, with evidence relating to earlier

fluctuations typically having been destroyed due to the erosive nature of ice.

The task of determining the history of an ice sheet that is still present is more difficult, since any evidence relating to a smaller-
than-present ice sheet will be obscured. Such a configuration can be inferred if moraines are truncated by the current ice sheet
or if contemporary ice-sheet retreat exposes organic material that has been preserved beneath the ice — such material can be
dated to determine when it was overrun by ice (Miller et al., 2012). An alternative approach that should be pursued is the
recovery of geological samples from beneath the current ice sheets; a number of techniques (e.g. cosmogenic exposure dating,
optically stimulated luminescence dating) can be used to determine how long such samples have been covered by ice. Finally,
sampling of ice cores extracted from the ice sheet can provide an indication of past ice thickness, via the analysis of either the
gas bubbles preserved in the ice or the isotopic composition of the ice itself (Parrenin et al., 2007).

Due to the sparse nature of ice extent data, numerical ice-sheet models are often used to ‘fill the gaps’ between field constraints,
drawing on the physics of ice flow to determine the likely configuration and thickness of past ice sheets (e.g. Simpson et al.,
2009; Whitehouse et al., 2012a; Tarasov et al., 2012; Gomez et al., 2013; Briggs et al., 2014; Lecavalier et al., 2014; Gowan
et al., 2016; Patton et al., 2017). See Sect. 3.1 and Sect. 4.2.1 for further discussion of the role of ice-sheet modelling within
studies of GIA.

2.34.3 Surface deformation data

A number of geodetic data sets are used to quantify surface deformation associated with GIA (King et al., 2010), including

Global Positioning System (GPS) and-data, Interferometric Synthetic Aperture Radar (INSAR) data, and a combination of
altimetry and tide gauge data (Nerem and Mitchum, 2002; Kuo et al., 2004).-provide-a-snapshet-of present-day-solid-Earth
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deformation: The full potential of INSAR has yet to be realized in the field of GIA — current studies are limited to Iceland
(Auriac et al., 2013) — but there is a long tradition of GPS data being used to constrain GIA models. These data must be
corrected for signals associated with the global water cycle, atmospheric effects, and local processes associated with tectonics
or sediment compaction (King et al., 2010). In areas where non-GIA signals are well constrained and there is a dense network
of measurements, such as across North America (Sella et al., 2007) or Fennoscandia (Lidberg et al., 2007), GPS data have
successfully been used to calibrate GIA models (e.g. Milne et al., 2001; Milne et al., 2004; Lidberg et al., 2010; Kierulf et al.,
2014; Peltier et al., 2015). However, in regions where contemporary ice mass change also contributes to present-day solid
Earth deformation, it becomes difficult to disentangle contributions from past and present ice-sheet change (Thomas et al.,
2011; Nield et al., 2014). Horizontal GPS rates are often more precise than vertical rates by an order of magnitude (King et al.,
2010), but before they can be compared with GIA model output the velocity field due to plate motion must be removed. This
is non-trivial, since neither plate motion nor GIA are perfectly known (King et al., 2016). Anetherbarrierto-the-useof
horizontal- GRSrates-in-calibrating-or-validating-GtA-models-is-the-issue-It has long been known that horizontal deformation

in response to surface loading can be strongly perturbed by the presence of lateral variations in Earth rheology (Kaufmann et

al., 2005), and future work should make use of this opportunity to better understand the Earth structure in regions affected by
GIA (e.g. Steffen and Wu, 2014)
Heldercla

Geodetic information is typically provided on a reference frame whose origin is located at the centre of mass of the entire
Earth system (e.g. ITRF2008; Altamimi et al., 2012) while GIA model predictions are typically provided on a reference frame
whose origin lies at the centre of mass of the solid Earth. Reference frame differences must therefore be accounted for when
comparing model output with GPS data, along with uncertainties associated with realization of the origin of the reference
frame (King et al., 2010).

2.34.4 Gravity data

Between 2002 and 2017, repeat measurements of the Earth’s gravity field by the Gravity Recovery and Climate Experiment
(GRACE) satellites allowed temporal variations in the distribution of mass throughout the cryosphere, the atmosphere, the
oceans, and the solid Earth to be quantified (e.g. Wouters et al., 2014). One of the principle drivers of solid Earth deformation

is GIA, and across previously-glaciated regions that are eurrenthy-now ice-free, GRACE data (and measurements of the static

gravity field by the ‘Gravity field and steady-state Ocean Circulation Explorer’, GOCE) have been used to quantify the
magnitude and spatial pattern of the local GIA signal (e.g. Tamisiea et al., 2007; Hill et al., 2010; Metivier et al., 2016), past
ice thickness (e.g. Root et al., 2015), and local viscosity structure (e.g. Paulson et al., 2007a). However, in areas where an ice
sheet is still present variations in the local gravity field will reflect the solid Earth response to both past and present ice mass

change, as well as contemporary changes to the mass of the ice sheet itself (Wahr et al., 2000)_and non-GIA-related mass

redistribution. In this situation, a joint approach to solving for GIA and contemporary ice mass change is necessary, often via
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the combination of GRACE data with other data sets (see Sect. 3.4) (e.g. Sasgen et al., 2007; Riva et al., 2009; lvins et al.,
2011; Groh et al., 2012; Gunter et al., 2014; Martin-Espanol et al., 2016b).

On a more local scale, absolute gravity measurements have been used to study GIA (e.g. Peltier, 2004; Steffen et al., 2009;
Mazzotti et al., 2011; Memin et al., 2011; Sato et al., 2012), while the relationship between surface gravity change and uplift
rates can be employed to constrain GIA in regions where ice history and Earth structure are poorly known (e.g. Wahr et al.,
1995; Purcell et al., 2011; van Dam et al., 2017; Olsson et al., 2015).

2.34.5 Independent constraints on solid Earth properties

The rheology of the mantle and the thickness of the lithosphere are often inferred by comparing GIA model output with
observations that reflect past and present rates of solid Earth deformation, such as GPS time series or records of past relative
sea-level change (e.g. Lambeck et al., 1998; Whitehouse et al., 2012b; Argus et al., 2014). However, GIA model predictions
will be sensitive to the assumed ice history, and therefore it can be useful to draw on independent information to constrain

properties of the solid Earth.

For the purposes of GIA, the elastic and density structure of the Earth is assumed to follow that of the PREM (Dziewonski and
Anderson, 1981), which is derived from seismic data. Lithosphere thicknesses can be inferred from inversions of gravity or

seismic data, or via thermal modelling, although it should be noted that the respense-apparent thickness of the lithosphere will

depend on the timescale of the loading (Watts et al., 2013), and hence values derived by considering e.g. the seismic thickness
of the lithosphere, or its elastic thickness over geological timescales, may-will not be relevant for GIA. Finally, mantle
viscosities can be independently estimated via a number of approaches, including consideration of processes associated with
mantle convection (e.g. Mitrovica and Forte, 2004), or via the conversion of seismic velocity perturbations into mantle
viscosity variations (e.g. lvins and Sammis, 1995; Wu and van der Wal, 2003; Latychev et al., 2005b; Paulson et al., 2005).

The engeing-long wavelength response of the solid Earth to surface mass redistribution since the LGM principally depends on

the viscosity of the lower mantle, and it results in changes to the oblateness of the solid Earth (J,), the position of the geocenter,
and the orientation of the rotation pole (Figure 4). If these processes can be quantified (e.g. Gross and VVondrak, 1999; Cheng
and Tapley, 2004) they can be used to place constraints on lower mantle viscosity (e.g. Paulson et al., 2007b; Mitrovica and
Wahr, 2011; Argus et al., 2014; Mitrovica et al., 2015). However, it should be noted that these large-scale processes will also
be affected by contemporary surface mass redistribution, for example, associated with melting of the polar ice sheets (Adhikari
and Ivins, 2016).
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2.34.6 Stress field

Unloading of the solid Earth during deglaciation alters the regional stress field, and can trigger postglacial-glacially-induced
faulting (Arvidsson, 1996; Lund, 2015). However, it is not straightforward to infer past changes in surface loading from the
regional faulting history because although deglaciation can trigger faulting, GIA-induced stress changes are probably only
capable of triggering slip on pre-existing faults (Steffen et al., 2014b), with the fault expression reflecting the underlying
tectonic stress field as well as the GIA-related stress field (Steffen et al., 2012b; Craig et al., 2016). Glacial loading is thought

to promote fault stability (Arvidsson, 1996; Steffen et al., 2014c), with the main period of fault activation taking place soon

after the end of glaciation, during the period of maximum rebound (Wu and Hasegawa, 1996; Steffen et al., 2014b). The timing

of faulting can therefore provide some insight into the timing of ice unloading, and potentially also the rheological properties

of the mantle (Brandes et al., 2015). It is more difficult to draw conclusions about the spatial history of the ice sheet from the

distribution of faulting because modelling suggests that only small stress changes are required to trigger seismicity (Steffen et

al., 2014b), and so glacially-induced earthquakes may be distributed over a large area that does not necessarily reflect the

spatial extent of the former ice sheet (Brandes et al., 2015). Finite-element modelling of glacially-induced faulting indicates
that the magnitude of fault slip is primarily governed by shallow Earth properties and fault geometry ratherthan-the-magnitude
i i ugh-ice-sheet size-has-beenshown-to-influence the timing-of faultactivation(Steffen et al., 2014d;

Steffen et al., 2014b).

2.45 Significant results

Over the past 40 years, GIA modelling has played a central role in advancing our understanding of the rheology of the Earth,
the history of the global ice sheets, and the factors controlling spatially-variable sea-level change. Key results are briefly

outlined below.

2.45.1 Mantle viscosity

GIA modelling is one of the principle approaches used to determine mantle viscosity. A range of global and regional studies
indicate that the mean viscosity of the upper mantle lies in the range 10?° - 102 Pa s, while the viscosity of the lower mantle
is less tightly constrained to lie in the range 10% - 10% Pa s (e.g. Mitrovica, 1996; Lambeck et al., 1998; Milne et al., 2001;
Peltier, 2004; Bradley et al., 2011; Steffen and Wu, 2011; Whitehouse et al., 2012b; Lambeck et al., 2014; Lecavalier et al.,
2014; Peltier et al., 2015; Nakada et al., 2016). It is generally agreed that the viscosity of the lower mantle is greater than that

of the upper mantle, but the magnitude of the increase across this boundary continues to be the subject of significant discussion

(e.g. Mitrovica and Forte, 2004; Lau et al., 2016; Caron et al., 2017). GIA modelling can be used to solve for the depth-
dependent viscosity profile of the mantle, but it is important to assess the resolving power of the constraining data sets when
considering the accuracy and uniqueness of the results (Mitrovica and Peltier, 1991a; Milne et al., 2004; Paulson et al., 2007b).

Finally, GIA modelling of the response to recent (centennial-scale) ice mass change has been used to identify a number of
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localized low viscosity regions (<10%° Pa s) where deformation occurs over a much shorter timescale, e.g. in Iceland (Pagli et
al., 2007; Auriac et al., 2013), Alaska (Larsen et al., 2005; Sato et al., 2011), Patagonia (Ivins and James, 2004; Lange et al.,
2014), and the Antarctic Peninsula (Simms et al., 2012; Nield et al., 2014).

2.45.2 Ice--sheet change
GIA modelling has been used to infer past global ice volumes, primarily via the comparison of low latitude relative sea-level

records with GIA model output. Estimates of global ice volume during three key periods are summarized below:

i) Fhefirst-ordertime-series-ofGlobal ice volume change since the LGM —is thought to be equivalent to ~130 m sea-level
i i utput-(e.g. Peltier, 2004;

ise-The LGM lowstand occurred

rise —has-bheenrecon ed-\via-the-comparison-of-alobal-se aval records with A—model-o

Lambeck et al., 2014). .
~21 ka, and melting of the Laurentide and Fennoscandian ice sheets areund—was largely complete by 7 ka. Small

magnitude ice volume changes subseguent to this time are less well constrained (Lambeck et al., 2014; Bradley et al.,
2016).

ii) Combining GIA modelling with a probabilistic approach, Kopp et al. (2009) find that global ice volumes during the Last
Interglacial (~125 ka) were at least 6.6 m smaller than present (95% probably; magnitude expressed as sea-level
equivalent);-but-. Uuncertainty associated with the interpretation and dating of sea-level indicators (Rovere et al., 2016;
Dusterhus et al., 2016b) and neglect of non-GIA processes (Austermann et al., 2017) stit-hampers our ability to more

precisely reconstruct changes in global ice volume during this period.

i)

warm periods, Raymo et al. (2011) have-successtully—demonstrated that the scatter in Pliocene (~3 Ma) shoreline
elevations (typically found between 10 and 40 m above present sea level) can partly be explained ence-by GlA-processes

are-taken-intoaccount. However, in order to reconstruct global ice volumes at this time, the complicating effects of

tectonics, dynamic topography, and sediment compaction must be accounted for (Rovere et al., 2014).

In addition to constraining global ice volumes, comparison of GIA model output with a range of data sets has been used to
reconstruct the past configuration of individual ice sheets, including the Fennoscandian (Lambeck et al., 1998; Lambeck et al.,
2010), British-Irish (Lambeck, 1995; Peltier et al., 2002; Bradley et al., 2011), Laurentide (Tarasov et al., 2012; Simon et al.,
2016; Lambeck et al., 2017), Greenland (Tarasov and Peltier, 2002; Simpson et al., 2009; Lecavalier et al., 2014), and Antarctic
(Whitehouse et al., 2012a; Whitehouse et al., 2012b; Ivins et al., 2013; Gomez et al., 2013; Argus et al., 2014; Briggs et al .,

2014) ice sheets. Due to a lack of constraining data, there are often large discrepancies between different ice-sheet

reconstructions. Global ice-sheet reconstructions also exist (Peltier, 2004; Peltier et al., 2015; Lambeck et al., 2014), but the

18



600

|605

610

615

620

625

important question of whether the total volume of the individual ice sheets is sufficient to account for the magnitude of the

LGM lowstand remains unresolved (Clark and Tarasov, 2014).

Finally, improved quantification of the geodetic signal associated with past ice-sheet change has led to recent improvements
in the accuracy of contemporary estimates of ice mass balance, as derived from GRACE or altimetry data (King et al., 2012;
Ivins et al., 2013). However, uncertainty associated with the ‘GIA correction’ that must be applied to such data sets still poses

a significant barrier-challenge to reaching-studies that seek to reach a fully-reconciled estimate of contemporary ice mass

balance, particularly for Antarctica (Shepherd et al., 2012).

2.45.3 Sea-level change
Understanding the rate, magnitude, and spatial pattern of past, present and future sea-level change, and linking these changes
to climate forcing, is one of the most important questions facing modern society (IPCC, 2013). Important results that have

been derived using GIA modelling include:
i) quantification of the maximum rate of global mean sea-level rise during the last deglaciation (e.g. Lambeck et al., 2014)

ii) identification of the potential meltwater source(s) that contributed to rapid sea-level rise during the last deglaciation (e.g.
Clark et al., 2002; Gomez et al., 2015a; Liu et al., 2016)

iii) quantification of the maximum sea-level attained during past warm periods (e.g. Kopp et al., 2009; Dutton et al., 2015)

iv) identification of the rate, pattern, and source of historical and contemporary sea-level change (e.g. Riva et al., 2010; Hay
et al., 2015; Rietbroek et al., 2016)

v) quantification of the likely pattern of future sea-level change due to ice-sheet change (e.g. Mitrovica et al., 2009; Slangen
etal., 2014; Hay et al., 2017)

All of these results draw on the complex relationship between ice sheet-change and spatially-variable sea-level change, as
described by the sea-level equation. Significant advances in our understanding of sea-level and ice-sheet change have come
about due to improvements in data availability and GIA modelling capability during the last decade, but persistent uncertainties
associated with the GIA correction that must be applied when interpreting gravity, altimetry, tide gauge, or GPS data (Tamisiea,
2011), and ongoing ambiguity associated with the interpretation of palaeo-data, mean than future progress will require input

from a diverse range of disciplines.

3 Recent Developments

Over the past decade there have been rapid advances in our understanding of how GIA processes can influence other dynamic

systems, and an increased awareness of additional factors that must be considered when seeking to constrain or tune a GIA
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model using independent data_sets. New approaches of isolating the GIA signal have also been devised. Four of the most

important recent advances are briefly described in this section.

3.1 Ice dynamic feedbacks

Inferring the past evolution of the major ice sheets has been a central goal of GIA modelling since Jamieson (1865) first
observed that the growth of an ice sheet will depress the land and affect the position of the ocean shoreline. However, it is only
recently that glaciologically-consistent ice-sheet reconstructions, i.e. those developed using a numerical ice-sheet model, have
begun to be produced for the purposes of GIA modelling (e.g. Tarasov and Peltier, 2002; Tarasov et al., 2012; Whitehouse et
al., 2012a). A crucial boundary condition that must be defined when modelling the evolution of a marine-grounded ice sheet
is the water depth of the surrounding ocean. This water depth determines where the ice sheet begins to float, a point known as
the grounding line. More importantly, it determines the rate at which ice flows across the grounding line and into the ocean

(because ice flux depends on ice thickness (Schoof, 2007)).

Numerical ice-sheet models are typically run assuming that sea-level change adjacent to an ice sheet will track global mean
sea-level change. Far-field ice melt will indeed cause near-field sea-level rise (Figure 6a), but, due to the effects of GIA, water
depth changes will not follow the global mean during near-field ice-sheet change (Figure 2). Nearly 40 years ago, Greischar
and Bentley (1980) noted that solid Earth rebound triggered by ice loss from a marine-grounded ice sheet would reduce local
water depths, and could promote grounding line advance (Figure 6b). The decreased gravitational attraction of the melting ice
sheet also acts to reduce local water depths. Modelling both effects, Gomez et al. (2010) demonstrated that GIA has a stabilizing

effect on the dynamics of a marine-grounded ice sheet, and can prevent or delay unstable grounding line retreat and ice loss.

Spatially-variable water depth boundary conditions were first used in conjunction with a numerical ice-sheet model, for the
purposes of reconstructing past ice-sheet change, by Whitehouse et al. (2012a), who used a priori GIA model output to
determine water depths around Antarctica, and hence ice flux across prescribed grounding line positions. Subsequently, Gomez
et al. (2013) and de Boer et al. (2014) and have used fully-coupled ice sheet-GIA models to produce ice-sheet reconstructions
that are consistent with spatially-variable sea-level change over time. It is interesting to note that LGM reconstructions for
Antarctica generated using coupled models tend to contain 1-2 m less ice (expressed as sea-level equivalent) than
reconstructions generated using uncoupled models (de Boer et al., 2017). If the coupled model results are robust this makes it

difficult to account for the global mean sea-level lowstand during the LGM (Clark and Tarasov, 2014).

Considering future ice-sheet change, Adhikari et al. (2014) have used one-way coupling to quantify the impact of ongoing
GIA on Antarctic ice dynamics up to 2500 AD, while Gomez et al. (2015b) and Konrad et al. (2015) have used coupled models
to investigate the long-term evolution of the ice sheet, finding that GIA-related feedbacks have the potential to significantly

limit, or even halt, future ice loss if the upper mantle viscosity beneath West Antarctica is low enough for rapid rebound to be
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triggered. A crucial factor in determining the stability of an ice sheet is the resistance provided by the surrounding floating ice
shelves. If rebound is fast enough for the ice shelves to re-ground on submerged topographic highs, forming ice rises (Matsuoka
et al., 2015), this significantly increases the chance of ice-sheet stabilization or even re-growth (Kingslake et al., in press).
Uncertainties associated with the bathymetry and the upper mantle viscosity beneath the Antarctic and Greenland ice sheets
currently present the greatest barriers to accurately quantifying the degree to which GlA-related feedbacks have the potential

to limit future ice loss from these regions.

3.2 Lateral variations in Earth rheology, and non-linear rheology

GIA models traditionally assume the Earth behaves as a linear Maxwell viscoelastic seltid-body with a viscosity profile that
varies in the radial direction only and stays constant with time (e.g. Peltier et al., 2015). A number of studies have made use
of a bi-viscous Burgers rheology within a radially-varying framework, in which mantle deformation is dominated by the
behaviour of two viscosities linearly relaxing over different timescales (Yuen et al., 1986; Caron et al., 2017). However, an
increasing number of studies are making use of a framework that can accommodate three-dimensional variations in mantle
viscosity (e.g. lvins and Sammis, 1995; Martinec, 2000; Latychev et al., 2005b; Kaufmann et al., 2005; Paulson et al., 2005;
Steffen et al., 2006; A. et al., 2013), possibly defined via use of a non-linear creep law — where the viscosity depends on the
time-varying stress field (Wu et al., 2005; van der Wal et al., 2013). The effect of including plate boundaries (Klemann et al.,
2008) — which affect the horizontal transmission of stress — and variations in the thickness and rheology of the lithosphere
have also been explored (Latychev et al., 2005a; Wang and Wu, 2006a; Wang and Wu, 2006b; Kuchar and Milne, 2015). The
development of these ‘3D GIA models’ are motivated by (i) convincing evidence for strong lateral variations in rheological
properties beneath some regions, including Antarctica (Heeszel et al., 2016); and (ii) the demonstration that consideration of
lateral variations in rheology is required to correctly model horizontal deformation (Kaufmann et al., 2005).

It is important to question whether such increased model complexity is necessary. Whitehouse et al. (2006) showed that
inclusion of 3D Earth structure perturbs uplift rate predictions across Fennoscandia by an amount greater than current GPS
accuracy, with significant implications for inferences of past ice-sheet history, while Kendall et al. (2006) demonstrated that
relative sea-level change predictions will be biased by >0.2 mm/yr at ~150 global tide gauge sites if 3D Earth structure is
neglected, with maximum differences exceeding several mm/yr. Since solid Earth deformation depends on both the surface
load history and Earth rheology, non-uniqueness is a problem when solving for these two unknowns. If a GIA model is tuned
to fit GIA-related observations (e.g. uplift rates, sea-level records) without accounting for lateral variations in rheology, the
resulting ice-sheet reconstruction is likely to be biased. For example, past ice thickness change is likely to be overestimated in
regions where the local mantle viscosity is weaker than assumed by the model (Figure 5b). Similarly, global ice volumes may
be incorrectly inferred if viscosity variations are ignored at far-field sea-level sites (Austermann et al., 2013). If the past ice
history of a region has been independently determined then neglect of lateral variations in Earth structure will lead to bias in

predictions of the GIA signal, and hence bias in estimates of contemporary ice sheet mass balance, potentially on the order of
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10’s Gt/yr (van der Wal et al., 2015). Furthermore, models that consider the coupled evolution of the ice sheet-solid Earth
system (see Sect. 3.1) will be highly sensitive to the underlying viscosity field (Gomez et al., 2015b; Konrad et al., 2015;
Pollard et al., 2017; Gomez et al., 2018).

A range of approaches are used to define spatial variations in Earth rheology, but most rely on deriving a temperature field
from a seismic velocity model (e.g. Ritsema et al., 2011), from which a viscosity field is derived (e.g. lvins and Sammis, 1995;
Latychev et al., 2005b). This derivation is not straightforward, and in particular, compositional effects must be accounted for
when interpreting seismic velocity perturbations in terms of temperature perturbations (Wu et al., 2013). If a power-law
approach is used, grain-scale deformation of mantle material is described by diffusion and dislocation creep through the use
of a non-linear relationship where the strain rate depends on stress to some power. This power is thought to be 1 for diffusion
creep — i.e. a linear response to forcing — but ~3.5 for dislocation creep (Hirth and Kohlstedt, 2003). This has implications for
the inferred viscosity of the mantle: if dislocation creep is important, i.e. there is a non-linear relationship between stress and
strain rate, then the effective viscosity of the mantle will depend on the von Mises stress. Since the von Mises stress depends
on the evolution of the ice/ocean surface load it follows that the effective viscosity will be time dependent. Inputs to the power-
law relationship include grain size, water content, and melt content, as well as temperature, although a lack of direct
observational data for most of these parameters mean that values derived in laboratory experiments are often adopted (Hirth
and Kohlstedt, 2003; Burgmann and Dresen, 2008; King, 2016). Significant further work is needed to better quantify the
viscosity distribution throughout the mantle, and to determine the spatial resolution at which viscosity variations must be
resolved to accurately reflect the global GIA process (Steffen and Wu, 2014).

3.3 Sedimentary isostasy

The isostatic response to sediment erosion and deposition, on glacial and longer timescales, has long been considered in studies
of onshore and offshore crustal deformation, associated with both fluvial and glacial systems. However, the impact of sediment
redistribution on Earth’s gravitational and rotational fields, and the consequent effect on sea-level, has only recently been
considered. Dalca et al. (2013) were the first to incorporate the gravitational, deformational, and rotational effects of sediment
redistribution into a traditional GIA model (Figure 7a). The resulting theory has been used to demonstrate that the impact of
sediment erosion and deposition, associated with both fluvial and glacial systems, can alter relative sea-level by several metres
over the course of a glacial cycle and rates of present-day deformation by a few tenths of a mm/yr (Wolstencroft et al., 2014;
Ferrier et al., 2015; van der Wal and Jpelaar, 2017; Kuchar et al., 2017). Although the magnitude of the perturbation due to
sediment loading is small, it is greater than the precision of modern geodetic methods, and hence has the potential to bias
contemporary estimates of sea-level change (Ferrier et al., 2015; van der Wal and IJpelaar, 2017). Perhaps the most important
finding of these preliminary studies is the observation that in order for relative sea-level indicators to be used to constrain past

global ice volumes, they must first be corrected for the effects of both glacial and sedimentary isostasy (Ferrier et al., 2015).
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As an example, if sediment loading has caused a sea-level indicator to subside subsequent to its formation, this will lead to an

overestimation of the magnitude of sea-level rise since the formation of the sea-level indicator.

Sedimentary isostasy is not the only sediment-related process that affects sea level. Wolstencroft et al. (2014) and Kuchar et
al. (2017) both found that including the effects of sedimentary isostasy did not bring agreement between model predictions
and GPS-derived observations of contemporary land motion around the Mississippi Delta, and they concluded that sediment
compaction must play a significant role (Figure 7b). To address this Ferrier et al. (2017) have updated the theory developed
by Dalca et al. (2013) so that it accounts for all the competing processes associated with sediment redistribution, including the
decrease in water depth due to offshore deposition and the increase in water depth due to subsidence and compaction (Figure
7). This state-of-the-art approach, which uses estimates of sediment porosity and saturation to determine the time-evolving
effects of compaction, has recently been used to provide a robust interpretation of sea-level indicators formed during Marine
Isotope Stage 3 (~50-37 ka) in the region of China’s Yellow River Delta, and hence tighten constrains on global ice volumes

at this time (Pico et al., 2016)._ Water depth changes associated with sediment redistribution and compaction can vary over

short spatial scales, and therefore care is needed to interpret individual sea-level indicators, but the modelling approaches

described above are well-suited to studying the large-scale impact of sediment redistribution.

In conclusion, both sediment loading and sediment compaction have been demonstrated to have a non-negligible effect on
relative sea-level change, and this has far-reaching implications for the interpretation of relative sea-level indicators within the
framework of a GIA model (see Sect. 2:3:-12.4.1). Both effects should be accounted for in future GIA models, although better
constraints on the timing and distribution of erosion and deposition, over the last glacial cycle and beyond, are needed before

past global ice volumes can be robustly inferred from global sea-level records.

3.4 Inverse solutions

The primary motivation for the recent focus on developing GIA models for Greenland and Antarctica has been to permit
accurate interpretation of GRACE data, partitioning the mass change time series into contributions from GIA and
contemporary ice mass change (King et al., 2012; lvins et al., 2013). However, turning the problem around, GRACE data can
also be combined with altimetry data used-to determine an estimate of the GIA signal. -by-cembining-i-with-altimetry-dataThis
is possible because the two data sets have a different sensitivity to GIA. The basic premise of this-the method is that the

GRACE satellites detect the spatial pattern of tetal-mass change, which is attributed to the redistribution of ice and solid Earth

mass (after accounting for atmospheric and oceanic mass change), whereas altimetry satellites such as ICESat measure the
spatial pattern of surface elevation change, which is attributed to a combination of solid Earth deformation and ice volume
change. A density model is used to convert the ICESat height measurements to mass, and the two data sets can be used to solve
for GIA-related deformation, as shown in the following equation, where h,, is the rate of surface-land elevation change due

t0 GIA, Ay cxsqe i the rate of surface elevation change measured by ICESat, mggacy is the rate of total mass change measured
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by GRACE, p,, is the mean density of the upper ~100km of the solid Earth, and ps,,,-s is the mean density of the ice volume

change:

; _ MGRACE=Psurf-RICESat
heia = (34)

Prock—Psurf

This method of simultaneously solving for ice mass change and GIA was originally suggested by Wahr et al. (2000). Riva et
al. (2009) first implemented it for Antarctica using 5 years of data, and Gunter et al. (2014) improved the method by using a
firn densification model instead of assuming a constant density of ice. Further advances were made by Martin-Espanol et al.
(2016b), who estimated the GIA signal across Antarctica using a statistical inversion of a suite of geodetic observations,
including GRACE, altimetry, INSAR, and GPS data, and a priori information about the wavelength of the GIA signal, while
Sasgen et al. (2017) extended the method to account for lateral variations in Earth structure. The advantage of using anr-averse

approach-overforward-models-of GIA-data inversion to isolate the contemporary GIA signal (Eg. 4) is that the solution is not
dependent on the ice loading history or the Earth structure (other than the assumed density of the Earth). Using the GRACE

data in a slightly different way, Sasgen et al. (2013) developed a method that systematically searches the forward model
parameter space to determine an optimal fit to the GRACE data, using GPS data to provide a further constraint on deformation
rates. These data-driven GIA solutions currently exhibit significant variability (Martin-Espanol et al., 2016a), partly due to
the large number of assumptions that must be made during processing of the raw data, but they have formal uncertainties

attached to them, and hence provide a useful comparison for output derived from process-based forward models of GIA.

4 Future directions and challenges

In this final section a number of emerging areas of research are outlined. Seme-It is now clear that GIA should be considered

within future Earth System modelling efforts, and some of the most exciting future-developments will come as GIA modelling

becomes even better integrated with a range of disciplines.

4.1 Data interpretation and assimilation

A central component of GIA modelling has always been the use of independent data sets to either prescribe model inputs, tune
model parameters, or test model outputs. As the accuracy and coverage of these data_sets improves, along with our
understanding of the processes they record, it is important to be aware that it will not be possible to honour all of the constraints
provided by the data. A strategy is therefore needed in which the available data are used to develop the most accurate GIA

model possible and assign a level of uncertainty to the resulting model output.
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Many of the data_sets that record GIA processes also record competing processes. Around 50% of contemporary global mean
sea-level rise is due to thermosteric effects, reflecting a change in the density of the ocean rather than its mass (IPCC, 2013);
the thermosteric contribution to post-LGM global mean sea-level rise has not been quantified. Changes in oceanic or
atmospheric circulation will alter the dynamic topography of the ocean surface, while changes in the tidal regime or ocean
conditions (acidity, temperature, opacity) can alter the habitat distribution of species that are used to infer the position of the
shoreline. When seeking to reconstruct past ice extent it is important to acknowledge that a change in local ice flow or wind
direction can alter the height of the ice-rock contact, while changes in ice surface elevation, as recorded by ice cores, will
reflect changes in both ice thickness and the height of the underlying bed (Bradley et al., 2012; Lecavalier et al., 2013). Finally,
land motion, as recorded by GPS, will reflect the solid Earth response to contemporary surface mass redistribution (ice, water,
sediment) as well as tectonics and sediment compaction. Over longer timescales (>100 kyr) land motion also reflects the
dynamic response of the lithosphere to mantle convection (Rowley et al., 2013; Austermann et al., 2017). As far as is possible,
these competing factors must be accounted for, or appropriate error bars should be attached to the data in a format that can be

easily incorporated into a GIA modelling framework (Ddsterhus et al., 2016a).

Once a suitable data set has been identified, it can be used to determine an optimal GIA model. Due to data gaps and
uncertainties there are often trade-offs between the magnitude and timing of the surface loading history and Earth rheology
that can explain the observations (Figure 5). Traditionally, an iterative approach has been used to determine a single, optimal
ice history/Earth model combination that provides the best fit to a range of data types (Lambeck et al., 1998; Peltier et al.,
2015). Using data assimilation or statistical emulation, in combination with large ensemble modelling, it should be possible to
determine a suite of GIA solutions that provide a reasonable fit to all available constraints. Such an approach has already been
pioneered for ice-sheet modelling (Briggs et al., 2013; Pollard et al., 2016), but it requires careful consideration of the
probability distribution associated with each piece of constraining data and the method used to score each model run (Briggs
and Tarasov, 2013). When applied to GIA modelling, decisions will have to be made on: how to weight different data types,
the length scale over which each is relevant, how to treat uncertainties in age and elevation, whether to use raw data or statistical
reconstructions (e.g. Khan et al., 2015), and how to account for additional metadata, such as information on whether sea-level
was rising or falling at a particular location. The uncertainty on the resulting GIA estimate should directly reflect uncertainties

in the constraining data.

In order to optimize the search through the parameter space associated with ice history and Earth rheology a number of
approaches could be taken. When determining the past evolution of the global ice sheets, a previously-used method involves
taking an existing global reconstruction and scaling the thickness of each ice sheet in turn (e.g. Caron et al., 2017). However,
building on new understanding of the feedbacks between ice dynamics and GIA (Sect. 3.1), completely new glacial scenarios

should also be explored, guided by the output from coupled models. When determining the optimal Earth model, it will be
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important to allow for the possibility that different regions are characterized by different viscosity profiles, guided by

independent constraints on mantle viscosity variations (Sect. 2:3-52.4.5).

There will always be some parts of the parameter space that cannot be constrained. A useful exercise is to determine the
locations in which it would be most beneficial to have new data constraints (e.g. Wu et al., 2010), but there are often logistical
barriers to collecting the most useful data. For example, it would be very useful to know the rate of solid Earth rebound beneath
the present-day ice sheets and across the ocean floor (although research is underway in this area; see Honsho and Kido, 2017);
it would be useful to know the past thickening history of the ice sheets as well as their thinning history; and it would be useful
to know how sea level has changed at locations distal from current and past shorelines. In the near future, improvementsin
data—coverageadvances will come through the application of novel analytical techniques in regions where sea-level

reconstructions have so far proved challenging, e.g. along mangrove_coasts, and the more widespread use of satellite gravity

data to constrain the GIA signal where sea-level and GPS data are lacking (Root et al., 2015).

4.2 Coupled modelling

Significant advances in understanding GIA have often stemmed from a cross-disciplinary approach. The gravitational theory
developed by the mathematician Woodward in the late 19" century came about as the result of a question posed by geologists
Gilbert and Chamberlin (Woodward, 1888). More recently, observations of a mid-Holocene highstand throughout the low
latitudes led to recognition of the ocean syphoning process (Mitrovica and Milne, 2002), while disparate observations relating
to the magnitude of the Pliocene highstand led to advances in the modelling of GIA over multiple glacial cycles (Raymo et al.,
2011). Sea-level observations, and more recently GPS observations, have often been the motivation for developing new
hypotheses relating to the history of the major ice sheets (e.g. Bradley et al., 2015) and the processes governing ice dynamics
(e.g. Pollard et al., 2015). Future progress is likely to be made by fully integrating a number of different disciplines, i.e. via
coupled modelling.

4.2.1 Coupled ice sheet-3D GIA modelling

Coupled ice sheet-GIA modelling has already been discussed in Sect. 3.1, as has 3D GIA modelling (Sect. 3.2), but since the
impact of GIA on ice dynamics has been shown to be strongest in locations where mantle viscosity is unusually low (Pollard
et al., 2017) it will be crucial to incorporate lateral variations in Earth structure into future-coupled ice sheet-GIA models (e.g.
Gomez et al., 2018) in order to accurately predict the evolution of the many ice sheets that are located above low viscosity
regions (e.g. West Antarctica, Patagonia, Alaska, Iceland; see Sect. 4.3). This will be computationally challenging and careful

experiment design will be needed to ensure an efficient, yet sufficient, search of the parameter space.
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4.2.2 Coupled GlA-ocean/atmosphere modelling

The impacts of GIA, i.e. spatially variable perturbations to the sea surface and solid Earth, are not currently considered within
atmosphere or ocean circulation models, but are likely to have a non-negligible effect on these systems. Perturbations to the
seafloor due to the growth and decay of submerged peripheral bulges (Figure 2b) have been shown to be sufficient to perturb
ocean circulation (Rugenstein et al., 2014), while the spatially-variable sea-level change that is predicted to accompany ice
melt will impact the global tidal regime (Wilmes et al., 2017). Similarly, changes in surface topography due to solid Earth
deformation will affect atmospheric circulation patterns and consequently precipitation patterns. This latter factor has clear
implications for the mass balance of an ice sheet, and has been proposed as an explanation for hysteresis within glacial cycles
(Abe-Ouchi et al., 2013). During the LGM the areal extent of the continents will have been greater as a result of GIA.
Additional land bridges will have existed, with direct implications for migration pathways and ocean circulation, and in the
northern hemisphere the additional land mass may have facilitated ice-sheet expansion or inception. GIA is also able to provide
insight into the timing, magnitude and source of freshwater inputs to the ocean during deglaciation. In order to accurately
model the palaeo-circulation of the ocean and the atmosphere, some factors associated with GIA should be incorporated into
future modelling efforts.

4.2.3 Coupled GIA-surface process modelling

GlA-related solid Earth deformation during the last glacial cycle will have affected the routing of palaeso-drainage systems
(Wickert et al., 2013), it will have governed the location and extent of ice-dammed lakes (Lambeck et al., 2010; Patton et al.,
2017; Lambeck et al., 2017), and it continues to influence coastal evolution (Whitehouse et al., 2007). Accounting for GIA-
related factors such as changes to the shape of the land surface and changes to the position of the base level within landscape
evolution models will lead to a more complete understanding of Earth surface processes. The full impacts of GIA, including
spatially-variable sea-level change and changes to the shape of Earth’s gravitational field, should be accounted for in future
studies that seek to understand the isostatic response to glaciation, erosion, and sedimentation (e.g. Mey et al., 2016; Moucha
and Ruetenik, 2017).

4.2.4 GIA-Climate feedbacks

GIA potentially plays a role in modulating climate cycles. Postglacial rebound acts to reduce the pressure in the mantle, and
this has been implicated in promoting terrestrial volcanism (Sigmundsson et al., 2010; Schmidt et al., 2013; Praetorius et al.,
2016). Huybers and Langmuir (2009) argue that the CO. release associated with increased volcanism during the last
deglaciation may have been sufficient to promote further ice melt, raising the possibility that glacial rebound, CO; release, and
ice dynamics are part of a positive feedback loop. But postglacial rebound is not the only GIA-related process that affects the
rate of CO; release: as the ice sheets wax and wane this alters global mean-sea level, and the resulting pressure-stress changes
at-the-seafloor-are thought to be sufficient to perturb rates of decempression-melting-and-submarine-volcanism (Kutterolf et
al., 2013)at-mid-ocean-ridges. It was originally assumed that mid-ocean ridge volcanism would be supressed during periods of
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sea-level rise (i.e. during deglaciation) and this would act to counter the contemporaneous climatic effects of increased
terrestrial volcanism (Huybers and Langmuir, 2009). However, the evidence suggests that there is actually a significant delay
in the response of the mid-ocean ridge system to a change in seafloor pressure. This can be deduced from records of
hydrothermal and magmatic activity along mid-ocean ridges (Crowley et al., 2015; Lund et al., 2016), while models of melt
transport through the mantle predict a lag of at least 60 kyr between a fall in sea-level and an increase in CO, emissions (Burley
and Katz, 2015). The magnitude of the lag depends on a number of factors, including the plate spreading rate and the rate of
sea-level change, so it is not a simple task to quantify the time-dependent net effect of terrestrial and marine volcanic processes
on atmospheric CO,. But tantalizingly, Huybers and Langmuir (2017) have been able to reproduce ~100 kyr glacial cycles by
assuming a lag of 50 kyr and considering feedbacks between deglaciation, sea-level rise, volcanism, and CO, emissions,
allowing for the temperature dependence of CO, degassing from the ocean. The CO; perturbations described here are triggered
by GIA processes, and there is clear scope for further exploration of the feedbacks between the spatially-variable isostatic
response to surface load changes; (including the response to changes in sediment loading (Sternai et al., 2016)), volcanism,

climate change, and ice dynamics.

4.3 Low viscosity regions

A number of glaciated regions - Alaska, Iceland, the northern Antarctic Peninsula, and Patagonia — are situated on active or
recently-active plate boundaries. The high mantle temperatures associated with such tectonic settings mean that the viscosity
of the upper mantle is likely to be very low in these regions, typically <10'° Pa's (e.g. Sato et al., 2011; Auriac et al., 2013;
Nield et al., 2014; Lange et al., 2014), and hence the relaxation time of the mantle will be short, on the order of years to
decades. This has two important implications: (i) the viscous response to any surface mass change prior to a few thousand
years ago will have decayed, and instead (ii) viscous deformation will be dominated by the response to recent, or even

contemporary, ice mass change.

Glaciated low viscosity regions are exciting places to study GIA, but the issues listed above complicate attempts to separate
the geodetic signal into a response to past and contemporary change. It is typically assumed that GIA is a linear background
signal that reflects the viscous response to long-past ice-sheet change and any departure from the linear trend reflects the elastic
response to contemporary ice-sheet change. However, in a low viscosity region the short relaxation time of the mantle means
that the solid Earth response to historical ice mass change, i.e. the GIA signal, may not be linear over the epoch of geodetic
measurements, making it difficult to isolate. Furthermore, the geodetic response to contemporary ice mass change may contain
both an elastic and a viscous signal (Nield et al., 2014). The problem becomes more tractable if the viscosity of the mantle can
be absolutely determined, for example, via careful analysis of GPS time series in response to known surface mass change,

permitting more reliable predictions of the time-varying elastic and viscous components of deformation.
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The low viscosity values inferred from GIA for regions such as Iceland and Alaska are similar to the values determined in
studies of post-seismic deformation (Arnadottir et al., 2005; Johnson et al., 2009), and it has been suggested that power-law
flow may sufficiently describe both processes due to the similarity of the timescales over which they take place (James et al.,
2009). There is the additional complication that afterslip must be accounted for in post-seismic studies (Ingleby and Wright,
2017), but in general, the changing deformation rates observed during an earthquake cycle suggest that the Earth either follows
a power-law rheology (Freed and Burgmann, 2004; Freed et al., 2006), or a rheology comprising several different relaxation
times (Pollitz, 2005; Hetland and Hager, 2006). Is there a single rheological law that can explain GIA, post-seismic
deformation, intra-plate deformation, and deformation in response to sediment or lake loading (Gilbert, 1890; Dickinson et al.,
2016)? It is clear that the Earth behaves differently over different timescales (Burgmann and Dresen, 2008; Watts et al., 2013),
and it will be interesting to see how parallel fields of research progress towards quantifying the rheological structure of the
solid Earth, and the degree to which the rheology reflects the forcing that is applied.

5 Conclusions

The ideas developed by Jamieson (1865), Croll (1875), Woodward (1888), Nansen (1921), and Daly (1925) laid the
foundations for the development of the sea-level equation (Farrell and Clark, 1976)which-providesa-robust-description-of-the

adjustment (GIA). With the rapid development of cross-disciplinary science in the last two decades the field of GIA has

expanded beyond geodynamics, incorporating important developments from geodesy, glaciology, and seismology, whilst

embracing new results from the fields of geology and geomorphology. Currentpredictionsfor-the-global-GlA-sighal-differ;

ang-FHHuUre-reses aWVY avohve ounaigenthvina-there a¥a a) hese-difference nd-ireorpo na-new data-con A

and-dynamic-processes-into-the-modeling-Likely areas of future research are summarized below:

i) GIA modelling is a tool that can be used to reconstruct past ice-sheet change, but there remain large uncertainties on

past global and regional ice volumes. Progress can be made by incorporating modelling elements from other

disciplines, such as ice-sheet modelling, and assimilating new constraints on past sea-level change and ice extent.

ii) GIA modelling can also be used to interrogate the rheological properties of the solid Earth. Recent work has focused on

understanding the role of lateral variations in viscosity and the potential for power-law rheology to explain observations

of solid Earth deformation, but computational challenges remain. Work is ongoing to guantify the properties of the

lower mantle — important for global-scale processes — and understand the scale at which spatial variations in Earth

structure must be resolved to accurately model the GIA process.
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iii) Due to the feedbacks that exist between Earth deformation, sea-level change, and ice dynamics, important insight can

be gained from coupled models that consider the dynamic evolution of the global ice sheets as well as traditional GIA-

related processes. Such models should ultimately include spatial variations in Earth rheology as feedbacks between

solid Earth deformation and ice dynamics will be strongest in regions with low viscosity upper mantle.

iv) Novel data sets are needed to better constrain GIA — both in terms of the spatial and temporal coverage of the data, but

also the type of data that can be used to provide information on GlA-related processes. Uncertainties on all data should

be guantified, allowing better quantification of the uncertainties associated with GIA model predictions.

v) Comparisons between model output and data are a central component of many GIA studies, but care must be taken to

account for non-GIA factors that may bias our interpretation of the data. One way to address this issue is to incorporate

GIA into Earth system models and models that seek to interpret the geomorphological signature of processes such as

erosion, sedimentation, mantle convection, and volcanism.

vi) Observations that are used to guantify present-day ice-sheet and sea-level change, such as tide gauge, GPS, and

GRACE data, will be overprinted with a signal associated with the ongoing response of the solid Earth to past surface

load change. Quantifying the ‘GIA correction’ that should be applied to such data sets continues to be of vital

importance as we seek to understand the processes responsible for current and future ice-sheet and sea-level change.
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Figure 1: Components of a GIA model. Surface loading by ice sheets and the ocean, together with Earth properties, govern how the solid
Earth deforms. Changes to the gravity field (determined by solving the sea-level equation) define how meltwater is redistributed across the
oceans. Comparing model outputs to observations allows model inputs to be adjusted to achieve a better fit. Solid Earth deformation will
affect ice-sheet evolution; this can be modelled with a coupled model (Sect. 3.1). Numbers refer to relevant sections in the text.
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Figure 2: Solid Earth deformation and sea-level change. a) Ice sheet losing mass results in solid Earth rebound and a decrease in sea
surface height due to the decreased gravitational attraction of the ice sheet. Both processes cause near-field relative sea-level fall. Relative
sea level rises in the far field due to the addition of meltwater to the ocean. b) Ongoing solid Earth relaxation after disappearance of the ice
sheet. Ocean syphoning is the process whereby peripheral bulge subsidence increases the capacity of the ocean; the result is a fall in mean
sea surface height. Solid lines indicate original positions, dashed lines indicate new positions. Figure adapted from Conrad (2013).
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Figure 3: Variations in ocean area. a-b) Retreat of marine-grounded ice increases the area of the ocean over which water can be

1620 redistributed. b-c) Onlap and offlap changes the areal extent of the ocean. In the near field of a melting ice sheet, rebound results in local
sea-level fall, causing the shoreline to migrate offshore (offlap). In the far field of a melting ice sheet, sea-level rise causes the shoreline to
migrate onshore (onlap). t1, t2, tz refer to the times represented in a) b) and c). Figure adapted from Farrell and Clark (1976).
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Figure 4: Rotational feedback. a) Earth’s rotation vector moves towards a region of mass loss, causing a change in the shape of the solid
Earth and the geoid. Relative sea level rises and falls in opposing quadrants of the Earth. b) Polar ice loss results in a decrease in the oblateness

of the Earth (J2). Solid lines indicate original positions, dashed lines indicate new positions.
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Figure 5: Non-uniqueness in GIA modelling. a) Trade-off between the timing and the magnitude of past surface load change: large ice
loss at 10 ka can result in the same present-day uplift rate as smaller ice loss at 5 ka. b) Trade-off between ice load history and Earth rheology:
large ice loss combined with a weak rheology can produce the same present-day uplift rate as small ice loss combined with a strong rheology.
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1635 Figure 6: GlA-ice dynamic feedbacks. a) Far-field ice melt leads to local sea-level rise which causes a retreat in the position of the
grounding line (the point at which an ice sheet starts to float). b) Near-field ice melt leads to solid Earth rebound which, combined with a
decrease in gravitational attraction, results in local sea-level fall. This has a stabilizing effect on the ice sheet and results in grounding line

advance. Solid lines indicate original positions, dashed lines indicate new positions.
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Figure 7: Effect of sediment redistribution on GIA. a) Sediment erosion and deposition results in solid Earth deformation and a local

reduction in water depth. The net redistribution of mass (solid Earth and sediment) will also change the shape of the geoid, and hence local
sea level. b) Sediment compaction over time results in a small increase in local water depth. Solid lines indicate original positions, dashed

lines indicate new positions.
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