
We would like to thank the referees for giving their time to raise important
discussion points and to assess the quality of our manuscript. We believe many
of the suggestions were helpful in improving the presentation of our results and
the manuscript overall. Below, we address the review comments and suggested
modifications. For those comments that required updates to text, we enclose a
paper draft with corresponding changes in red. The main modifications can be
summarized as follows:

1. The tone of the manuscript has been changed to focus on the comparison
of ice sheet model estimates of Greenland mass balance to GRACE, rather than
focusing on the ice flow portion of the ice sheet model.

2. All figures/analysis have been updated with new GRACE data (version
2 of the JPL mascon product), as well as new ISSM runs that implement the
L1L2 formulation which includes effects of longitudinal stresses and considers
the contribution of vertical gradients to vertical shear. We note that updates
to both GRACE and ISSM did not change the conclusions presented.

3. Much of the technical discussion and several figures has been moved to the
appendix in an effort to shorten the manuscript. Additionally, we have added
many subheadings to increase the readability of the manuscript.

4. We have included discussion on dynamic thickening in the interior of the
ice sheet.

1 Anonymous Referee 1

Introduction:

Schlegel and co-authors present a methodological paper that deals with the
important question how an ice flow model (here of the Greenland ice sheet) could
be validated with observational data. Measured changes in the gravitational
field as recovered from the GRACE satellite mission are utilised to estimate
mass trends on a relatively small regional scale (300 km) and are compared
with mass changes derived from a combination of three SMB models with an
ice flow model (ISSM). The ice flow model is initialised to a steady state with
the average SMB from the Box model for the period 1979-1988, by first inverting
for observed velocities and than relaxing the geometry for 30 kyr. The analysis
focusses on the period 2003-2012 for which GRACE observations are available.

Main comments:

The paper is of good presentational quality and overall well written. I see a
couple of problems with the proposed methodology and the drawn conclusions,
but I believe major revisions addressing these concerns can make the manuscript
an interesting contribution to The Cryosphere.

While the technical efforts that go into this work in terms of spinning up
the model and performing the analysis are in themselves impressive and state
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of the art, I have my doubts whether the presented methodology would actually
succeed in validating the ice *flow* model, as suggested by the title. The given
approach is more likely to validate the output from the SMB models (which are
taken as pre-existing products) rather than the ice flow model itself. Notably,
a large part of the discussion is dealing with the SMB results. Validation of the
ice flow results proper seem only possible where the SMB can be assumed to be
sufficiently adequate for residual arguments. Even then, the given analysis (in
terms of validating ice flow) is mainly limited to explaining remaining mismatch
to observations with some missing processes not included in the model. The
authors largely follow the argument that the SMB may be trusted, where they
can explain the seasonal cycle well, However, some of the missing processes
can be expected to have a seasonal cycle as well, which renders the attribution
problem underdetermined. I believe the title of the paper and other passages
claiming validation of ”ice flow” or ”ice dynamics” should be modified to reflect
that limitation. It should be clearly distinguished what the contribution of ice
dynamics is in the modelled trends to make clear what can be expected to be
validated with the given observations.

These are valid points, and stem from our attempt to cover many top-
ics in the same manuscript. We have attempted to narrow our focus in the
manuscript, to compare GRACE-JPL against state-of-the-art model estimates
(which include SMB and ISSM). As suggested, references to ”ice flow” have
been changed to ”ice sheet” throughout the manuscript, and we have changed
all references to ”ice dynamics” to reflect more precise mechanisms (i.e., ice
discharge or paleo-driven background dynamics).

The goal of this study was never to use GRACE to validate our model, as
many processes are admittedly missing from the model itself and are clearly at
play in determining Greenland MB. We chose to use the terminology ”evaluate”
in order to reflect this, but the tone of the manuscript did not always complement
these intentions. To remedy this, we have changed the title of the paper and
have expanded the introduction to include a discussion of SMB models, which
are the most important element of the modeled mass balance.

We hope that the title, tone, and focus of the manuscript now better reflects
these goals.

It is regrettable and maybe symptomatic that the main plot that shows the effect
of the ice flow model in the presented analysis is displaced to the appendix
(Figure S3 A). It is important to realise, that the dynamic thickness change
presented here is what needs to be validated (if the aim of the paper would
really be validating the ice flow model!). The dominant signal including all
seasonal variations are governed by the prescribed SMB forcing (Fig 2D).

The dynamic thickness change, on a mascon-by-mascon basis, is shown in
Fig. 7A. The high resolution spatial patterns of the ice sheet model response is
included in the supplement for reference, in order to better explain the mascon-
scale spatial patterns presented in Fig. 7A. Because our goal here is not to
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validate the ice flow model (as originally suggested by our title), we have decided
to focus on assessment of the model-based estimate of MB, and have decided to
keep this figure in the supplement, for reference.

The Greenland ice sheet responds on multiple time scales (seasonal to millennial)
to changes in its SMB, and on the long time scales also to ice temperature and
bedrock changes. This implies that changes observed today can have their
origin in recent changes in SMB as well as processes set in motion hundreds
to thousands of years ago. The present study by construction (steady state
initialisation) only accounts for the effect of the anomalous SMB history of the
last 173 years. Anything outside of this range is omitted in the model, but will
still be imprinted on the observed mass changes to some extent. This is notably
the case for dynamic thickening of the interior (Reeh, 1985; Huybrechts, 1994;
and recently brought up again by Colgan et al 2015), which should be discussed
in in the paper as a limitation of the steady state initialisation approach.

This is a valid point, and you bring up key limitations of our spinup process
that we agree should be highlighted more in the text of the manuscript. In order
to do so, we have added a paragraph in the Initialization and Relaxation section
of the manuscript to discuss caveats. In addition, as suggested, we have extended
our discussion of the interior thickening to include references to past studies that
describe the southern interior thickening driven by the downward propagation
of more rigid Holocene ice [Reeh, 1985] as well as the observed thickening in the
Northeast that has recently been attributed to recent decrease in accumulation
in comparison to the average Holocene accumulation rates [MacGregor et al.,
2016]. We have taken advantage of our steady-state spinup to estimate dynamic
mass gain in the interior of the ice sheet (about 9 Gt/yr), which is focused in
the Northeast. Unfortunately, the resolution and placement of the mascons in
the South do not allow us to quantify ”Reeh” thickening that may be occurring
there (though we note that minor thickening signals in mascon 166 may be
related to this phenomenon).

Since biases originating from the initialisation should be excluded from the anal-
ysis, what is the remaining background trend of the model after initialisation?
It is important to show with an adequate control experiment that the model
response is dominated by the anomalous SMB forcing and not by background
model drift due to the initialisation. This should be verified with a model run
forced with zero SMB anomalies over the same time span as the forward exper-
iments (173 years).

We have added a dotted line to Fig. 3 that represents a control experiment,
forced with SMB during the 173 years. This line illustrates a change in ice sheet
mass over that period, which is an order of magnitude less than the intra-annual
variability over the historical period.

There appears to be an inconsistency for the initialisation, because SMB bar
(1979- 1988, assumed to be in equilibrium) is combined with observed velocities
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at 2012 (which already show some acceleration in them). While probably of
minor importance for the results, this should be clearly stated. Also mention
in the text (P9,l20-24) that the spin-up procedure implies that modelled mass
changes over the period 2003-2012 are governed by SMB changes over that
period itself, ice dynamic changes forced by SMB changes 1840-2012 and a
background trend that you estimate from a control run (see point before).

Such inconsistencies are, unfortunately, the downside to assimilating the
best observations currently available into ISSM. They are, in fact, the very
reason why the model drifts upon spinup - and why we have decided to relax
the model to a virtual steady-state before forcing it with historical SMB. After
relaxation, the resulting velocities, though similar to present day velocities, have
changed to be in a relative steady-state with SMB. Since we have little to no
information about how the basal conditions of the ice sheet have changed over
the last 173 years, we believe our best assumption is to hold the assimilated
ice sheet properties (i.e. ice viscosity and basal drag) constant. At the end of
the Initialization and Relaxation section, we have added a final paragraph that
acknowledges the key limitations of our approach. We hope this sufficiently
covers the referee’s concerns expressed here.

Is the mass conservation approach from Morlighem at al. performed with the
same SMB bar as in the present approach. If not, I doubt that it can be called
mass conserving at all. Please clarify.

The reference to mass-conserving has been replaced with ”BedMachine bedrock”,
which is a more accurate description of the product. We are not using the same
SMB as Dr. Morlighem, which, in part (along with a number of other data mis-
matches noted earlier), is why we have decided to relax to a virtual steady-state
before running our historical simulation.

A number of questions for general consistency between modelled and observed
quantities. How are ice thickness changes converted to mass? What density is
assumed?

We have added some additional sentences in the GRACE period mass esti-
mates section of the manuscript that now indicate that we assume the density of
ice to be 917 kg/m3, and describe our process for translating ISSM ice thickness
changes to mass within mascons: ”Within the ice sheet boundary, mass changes
are considered on individual elements of the ISSM mesh and outside of the ice
sheet boundary, mass changes are considered on individual elements of a 10 km
triangular mesh. To assess mass change within each mascon, elements within
the projected mascon boundaries are summed, and elements bisected by mascon
boundaries contribute to this sum proportionally (by area) to the mascons that
fall within their individual outlines. This procedure is mass conserving on the
continental-scale, but please note that it introduces small leakage errors along
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the mascon boundaries that are insignificant compared to the uncertainties con-
sidered in this study.”

How do you deal with the firn layer? Did you account for the map projection
error when converting between lat-lon and projected coordinates?

At the end of the Models of Historical SMB section, we now explain that
any processes related to firn densification are modeled by each individual RCM
surface model, and beyond that calculation, ISSM assumes that the SMB pro-
vided by the RCM is ice. Any map projection errors are assessed in translation
from ISSM thickness changes to mass change in each mascon. This explanation
(as stated above) has been placed in the GRACE period mass estimates section
and describes our effort to conserve total ice sheet mass change and to minimize
leakage between mascons during this calculation.

I disagree with the conclusion (p17, l33; p18, l27) that seasonal variations in ice
flow are important features of an ice flow simulation in terms of sea-level contri-
butions. Furthermore, I don’t see any reason why an ice sheet model that does
not exhibit any sub-annual variations could not be validated by GRACE data.
Alternatively, you may want to discuss the risk of overfitting when including
processes with a large amount of (tuned) unknown parameters to better match
(seasonal) observations.

We have reworded the end of the abstract, discussion, and conclusion sec-
tions to say that continued improvements in physically-based modeling of the
processes most likely to be responsible for intra-annual variability will likely
improve the skill of ice sheet models, particularly in terms of decadal-scale
modeling. In addition, we stress that such models which consider hydrological
processes will have the opportunity to take full advantage of observations that
are available on a monthly-to-seasonal timescales.

Other comments:
The Results and Discussion sections are a bit difficult to navigate, due to the
lack of any subdivision. It should help to group the results and discussion into
different themes or regions and introduce subsections. One could e.g. distinguish
between results for mass changes in the centre from the more complex marginal
regions and discuss them separately.

We have organized the Results section into categories, which follows the
logic of our plots from a continental-scale view of the comparison down to a
higher spatial resolution (regional) and higher temporal resolution (seasonal).
We believe the new subsections will make it easier for the reader to navigate.
We have also reorganized the Discussion section, which is now categorized by
region of the ice sheet.
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Confusingly, the term mascon is used throughout the manuscript in two different
interpretations. While it is introduced as a short form for ’mass concentration’,
it is later used to refer to the regional subdivision of areas in which mass changes
are measured, modelled and compared. ’mascon’ seems to me like a technical
slang term in the second interpretation and should be replaced by something
meaningful (maybe simply ’region’).

We understand the reviewer’s concern; however, we feel that the terminol-
ogy presented here is self-consistent. As mentioned, ’mascon’ is short for ’mass
concentration’. The unique aspect of using mascons as basis functions when pro-
cessing GRACE data is that they do explicitly define regions within a known
latitude/longitude domain (unlike other basis functions such as spherical har-
monic coefficients which are global by nature): so, each mascon explicitly de-
fines a region. The word ”region” and ”mascon” are somewhat synonymous.
We hesitate to use a word such as ”region” when discussing the results, simply
because the placement of the mascons is rather arbitrary and their boundaries
do not necessarily delineate specific geographic regions of interest (i.e. drainage
basins). Therefore, we prefer to keep the terminology as is.

The terms BOX, MAR and RACMO are used to describe the SMB products
and the ice sheet runs they are based on. Better to be distinguished.

We have made a distinction in the text between BOX, MAR, RACMO and
the resulting ISSM runs, which we now refer to as ISSM-GrIS BOX, ISSM-GrIS
MAR, and ISSM-GrIS RACMO.

P1, l13. Replace ”is primarily controlled” by ”is assumed to be primarily con-
trolled”

This line has been updated as suggested, in the abstract.

P1, l18-19. What are ”transient dynamics”?, rephrase.

Transient dynamics has been removed from the abstract and the last three
sentences of the abstract have been reworked as a result.

P2, l2. Something not right with the reference here.

Thank you for pointing this out. Something did not render correctly by TCD,
and we will make sure the reference is correct when the corrected manuscript
version is uploaded.

P2, l2. It would be good to specify the current estimate for the rate of the GrIS
sea-level contribution here as a reference value.

This has been added to the text. Thank you for the suggestion.
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P2, l4. More important for the future sea-level contribution from Greenland are
changes in the SMB, not ice flow. Clarify in the text.

We have added a sentence here to specify that the largest source of uncer-
tainty in future sea level rise is SMB, and secondly ice sheet discharge into the
ocean.

P2, l7. Replace ”ice flow models” by ”ice sheet models” or otherwise make clear
that SMB has to be included. An ice flow model in itself is not an alternative to
the extrapolation methods because it misses the most important mass change
component (SMB). Please also apply for the rest of the document.

Throughout the text, we have replaced the reference to ”ice flow models”
with ”ice sheet models”, where we refer to total mass balance of the ice sheet
(or SMB+discharge), as suggested by the referee.

P2, l8. Please give some references for these models here or refer to past initia-
tives (searise and ice2sea).

Here, we have added reference to both searise and ice2sea as sources that
showcase a collection of ice sheet models and various sea level-based experiments.

P2, l9. Should say here why this alternative is most promising: because the
models are physically based.

We have added a reference to the fact that these models are physically based.

P2, l10-15. The given interpretation of the current state of ice sheet modelling
is a bit simplistic and should be extended. There are recent examples of models
that do capture the observed trends: Fürst et al. (2015) for Greenland and Ritz
et al. (2015) for Antarctica.

The introduction of the manuscript has been reworked, and now includes
a discussion of ice sheet models (including an acknowledgement to efforts that
have been successful in matching current Greenland mass balance trends), the
most current SMB products derived from Regional Climate Models, and an
explanation of GRACE. We believe this summary, which now focuses on all the
products we are assessing in this study, is more comprehensive.

P2, l21. Please be more specific what you mean by ”ice flow dynamics”.

”Ice flow dynamics” has been updated to read, ”ice discharge into the ocean”.
We believe this statement is more accurate.

P4, l5. What does ”inversion” refer to here?. Clarify.
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We have removed the text referring to the ”inversion” as it was unnecessary
to make our point.

P4, l16. Incorrect reference A et al.

Actually, this reference is correct. Mr. A had the very unfortunate life
circumstance of having a last name that was uniquely given by the first letter
of the alphabet! We share in your sentiments that this is quite unfortunate for
Mr. A.

P5, l31. Where does the number of years 25 come from?

This sentence has now been updated to read ”from 1970 to 2000”.

P5, l33. I suppose SMB anomalies are calculated against the mean SMB (1979-
1988) of the same product and then added to the mean reference SMB bar of
the BOX model. This should be mentioned.

Yes, this is correct. We have updated the paragraph to read ”The total
SMB forcing for each RCM product is equal to SMB plus the monthly SMB
anomalies derived for that particular product beginning in 1979.”

P6, l8. ”to highlight the regions where the modeled ice sheet *mass trend*
differs from GRACE”, or similar.

We have updated this sentence to state that our goal is to compare ISSM
simulations that are ”forced with three different high-resolution RCM-derived
SMB products, against the monthly GRACE-JPL product, in order to highlight
the regions where modeled ice sheet mass trend and annual amplitude differ from
GRACE”.

P6, l8-9. Topography is not a surface feature of the ice sheet.

We have changed ”surface features” in this statement to read ”surface prop-
erties”.

P6, l9-12. This description pertaining to init and relaxation may be better
placed in Section 3.2.

Thank you for this suggestion. A portion of this description has been moved
to Section 3.2, and the second part, describing forward model SMB forcing has
been moved to the beginning of Section 3.3.

P6, l11. Mention here that basal melting is ignored and why.
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The formula for MB (now in Sect. 3.2), has been updated to include basal
mass balance, and we explain that this term is ignored because ISSM does not
simulate basal hydrology.

P6, l12. Include ”ideally” before ”in a steady state” and ”nearly” before ”equal”.
This conditions is never strictly fulfilled in any ice sheet model I know of. Also
add here that this is the assumed initial state for the year 1840.

We have updated this statement to reflect that our simulation is in a ”vir-
tual” steady-state and have added ”nearly” before ”equal” to reflect that mass
balance is near zero after relaxation. In addition, in Section 3.2, we have added
a sentence to clarify that the relaxed ice sheet is taken as an assumed state of
the ice sheet in 1840.

P6, l16. Add ”errors in GRACE-JPL” to the list of possible explanations for
the mismatch. The background trend after initialisation (see point on control
experiment) could be compounded in ”limitations of our model spinup”, but
may need extra mention if significant.

We have added GRACE-JPL to the list and have mentioned that we have
attempted to quantify errors in SMB and GRACE where possible. We do not
feel it is necessary to expand upon the limitations in model spinup, as we have
added a paragraph in Section 3.2 listing the limitation and assumptions with
the steady-state spinup procedure.

P6, l25. Add ”over time” after ”RACMO” to avoid confusion.

We have added ”over time” to the end of this sentence.

P6, l26. Add ”anomalous” before ”SMB forcing”.

We have added ”anomalous” here, as suggested.

P6, l26. Maybe ”Next, we sum mass changes simulated by ISSM for the BOX
...”

Thank you for this suggestion. The change has been incorporated.

P6, l27. Maybe ”This mass signal represents the ISSM model estimate of ice
sheet mass balance through time and is comprised of the anomalous SMB forcing
at the time and the dynamic response to SMB changes since the year 1840.” If a
background trend from the control experiment is not negligible and not removed
beforehand, it should be mentioned here as an additional contribution.

The sentence in question has been updated to read, ”This mass signal rep-
resents the ISSM model estimate of ice sheet mass balance through time and
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is comprised of the anomalous SMB forcing and the dynamic response to SMB
changes since the year 1840.”

P7, l7. Replace ”directly” by ”is the only component that”

The manuscript has been updated as suggested.

P8, l26. Not clear what you mean by ”Regional climate model SMB products
are considered to be more mature than ice dynamic models on decadal time
scales”. I certainly don’t see the causality between this statement and the next.
Please clarify.

We agree. This sentence has been removed for clarity.

P9, l1. Too much information combined in this sentence makes it confusing.
Revise and consider splitting in two. Also, topography is not a surface feature
of the ice sheet.

We have split this sentence into three and have reworked these sentences to
better motivate why we are interested in evaluating the model spin-up proce-
dure.

P9, l5. I have not understood why velocity changes over this period are an
important quantity to look at and what role they play in the interpretation.
Maybe you could add a sentence to motivate that.

It true that velocity changes have only been included as a reference for
showing how ISSM models the change in ice flow over the 10 year period of
our study. Therefore, we have moved this figure to the supplement and have
removed extended discussion pertaining to this figure from the main text of the
manuscript

P9, l7. There are no outlet glaciers in the interior of the ice sheet. Please correct
this sentence.

Thank you for pointing this out. We have changed ”interior” to now read
”along the margins”.

P9, l15-18. I find it confusing to discuss panel C and especially F here, in relation
to panels B, D and E. The model-observed thickness (F) must be largely the
results of the relaxation and (assuming small model drift) changes relatively
little over the spinup. It would be much clearer to discuss a version of C and
F, with modelled thickness and velocity after relaxation as the steady state of
the ice sheet. Any changes afterwards can then be attributed to the historical
SMB forcing and the dynamic response to that.
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As suggested, we have updated the difference plots for ISSM velocity and
thickness against observations, so that they now show the difference between
the relaxed ISSM ”steady-state” and observational datasets. We agree with
the referee that this is a much clearly comparison, especially since most of the
differences are due to the model relaxation. These figures are now located in
the supplement.

P9, l24. Replace ”are fixed” by ”are corrected”

We have updated this sentence to read ”are offset”.

P10, l4. What are ”annuals” and ”semiannuals”? Maybe ”sinusoidals with an
annual/ semiannual cycle”?

We have reworded this sentence to say we estimate ”sinusoids with frequen-
cies of once and twice per year”.

P10, l5-6. ”suggesting that the seasonal variability of SMB and its spatial
distribution are well represented by the three forcing products”

Thank you for this suggestion. The manuscript has been updated as sug-
gested here.

P10, l23-24. ”suggesting that the effect is related to melt”. Could you explain?
Also see comment (P13, l11-14.)

We have added more text in this paragraph, to explain why muted an-
nual amplitudes are likely related to runoff-induced thinning during the sum-
mer months. Since we are focusing on assessing annual amplitudes and seasonal
cycles, we believe it is important to point out how the ice sheet model affects re-
sults on monthly to seasonal timescales. Therefore, we have left this description
in the results section. However, as suggested for P13, l11-14, we have removed
the extended discussion of this point, as we agree that it is confusing to the
reader.

P10, l24. Should refer to (Fig. 2B) instead of (Fig. 2C) here.

The reference has been updated to refer to 2B instead of 2C.

P10, l25. Insert ”the” before same.

Thank you; this has been updated in the manuscript.

P10, l28. I hope the model is conserving ice (in the sense of mass conservation).
Anyway, please reformulate.

11



This sentence has been reworked, and the manuscript has been updated to
read, ”Overall, this behavior increases the modeled MB”.

P10, l29. ”reduce the spread” is a technical interpretation. My guess is that
this is not true for the relative spread. But even if there is a non-linearity in
the dynamic effect, that should be the interpretation, not the pure numbers.

These lines have been updated to state that the behavior decreases MB
”similarly for all three simulations, ultimately resulting in a better agreement
between ISSM-GrIS BOX, ISSM-GrIS MAR, and ISSM-GrIS RACMO”.

P11, l3. Replace ”in” by ”is” before ”driven”

This typo has been corrected.

P12, l14. ”be a factor” or ”play a role”

”Factor” has been changed to ”role” as suggested.

P13, l10. Clarify where these numbers come from. The model could distinguish
between SMB and dynamics, but the model does not agree with the GRACE
data.

We have modified this text and have moved it to Section 6.1. There, we
state the percentage of mass loss that the model captures relative to GRACE. In
addition, in order to address this comment, we have made an effort to reference
a figure or the table when placing a number in the text.

P13, l11-14. Since your modelling approach excludes seasonal effects from basal
lubrication by melt water and ocean forcing of outlet glaciers, it is on first view
somewhat surprising that your dynamic response shows any significant seasonal
signal at all. Given that reduced ice discharge due to marginal thinning is the
declared responsible mechanism, it seems important to mention that this is a
’passive’ dynamical effect and direct consequence of the SMB forcing. In other
words, the dynamics in themselves have no seasonal signature other than the
one imprinted directly by the SMB change.

This discussion has been moved to Section 6.3 and has been updated. The
statements, now in the Results section, have been updated to point out that
the decrease in discharge is a direct consequence of the SMB-driven thinning of
the margins, and that the model simulates this change in discharge because ice
thickness changes through time.

P13, l15-17. See my comment P10, l29. about reduced spread above. I strongly
hope ”that the model state ... play[s] a role in dictating the results of the
three different simulations”, since otherwise there would be no need to run an
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ice sheet model at all. However, I don’t see any causal relation between the
apparent change in spread and this statement.

This is a good point, and we have updated the manuscript accordingly. The
statement about the initial model state has been removed from these lines, and
the statement about model spread (now in the Results, Section 6.3.) has been
updated to read that the marginal thinning serves to reduce ”the MB of all
the simulations in a similar way, resulting in better agreement between ISSM-
GrIS BOX, ISSM-GrIS MAR, and ISSM-GrIS RACMO than between the SMB
products themselves.”

P13, l17. As stated above, I believe the seasonal aspect of the dynamic damp-
ening of mass loss is not really relevant. I find it generates confusion in the
distinction between the two processes.

We have removed this sentence and consolidated this discussion to the re-
sults, Section 6.3. In the discussion Model Assessment section, we also make
the point that the marginal thinning results in an overall decrease in mass trend
for the mascons along the margins.

P13, l20. Not clear what ”acceleration in ice dynamics is not a trivial compo-
nent” means. Please reformulate.

This sentence has been removed from the discussion, and we now indicate
that the changes to ice discharge modeled by ISSM are ”minor in comparison to
the direct contribution from the SMB forcing itself,” in the Model Assessment
section.

P13, l22. While I agree generally that dynamic changes likely represent ”a
minor source of uncertainty” compared to uncertainty in SMB, I have quite
some difficulty to see how that can be derived from the presented comparison.
Please clarify.

Along with the previous sentence, this sentence has been reworded to clarify
that over the short time period analyzed for this study, that the ice responses
captured by the model are minor compared to the changes in the SMB forcing
itself.

P13, l23. Some of these marginal processes that are excluded from the mod-
elling could certainly compensate for errors in SMB and/or included dynamics,
especially since they can be assumed to have a seasonal signature by themselves.
I therefore find the attribution of model error and uncertainty very much com-
plicated, if not rendered practically impossible. This should be discussed and
be reflected in the degree of certainty in the statements. E.g. replace ”are
responsible” by ”may be assumed to be responsible” and similar.
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We have updated the verbiage in this passage and throughout the paper,
to not include discussion of uncertainty, as it confuses the issue. Our goal here
is to assess the importance of including an ice sheet model in the calculation
of ”ice dynamics” typical for GRACE-based studies (i.e. subtract SMB from
GRACE to get a value for ice dynamics). We have tried to make this clearer
in the paragraph noted here, by eliminating the uncertainty terminology and
adding the wording suggested by the referee.

P14, l1. ”Seasonal snow cover on tundra, bare rock, ...”

This part of the discussion has been removed from the manuscript.

P14, l3. Remove ”results suggest that”

These words have been removed from the manuscript.

P14, l13. Please reformulate ”not enough melt in relaxation SMB”.

This has been changed to ”general underestimation of surface melt runoff”.

P15, l15. Replace ”it is possible to quantify”, by ”it may be possible to quantify”

The suggested change has been made on P15, l20.

P16, l31. Maybe ”both temporally and spatially”?

”Temporal” has been changed to ”temporally” as suggested.

P16, l35. Include a discussion on interior dynamic thickening here (see comment
above).

As suggested, we have included a discussion of dynamic thickening of the
interior. Such a discussion strengthens this manuscript, and we are thankful for
the suggestion.

P17, l28. Remove ”the” before ”not well understood”

This typo has been updated in the manuscript.

P18, l4. Move ”from 2003-2012” to just after ”simulations” to avoid confusion
over which period SMB products are applied (namely also before 2003).

As suggested, we have moved ”from 2003-2012” to the earlier part of the
sentence, after ”simulations”.
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P18, l10. Insert ”is” after ”it”

The manuscript has been updated as suggested.

P18, l25. I don’t think you can make such firm statements about processes that
are not modelled, not studied and not analysed.

We have reworked the end of this concluding paragraph to state that (in ref-
erence to the high-frequency variations that appear in the GRACE-JPL signal),
that hydrological and ocean-driven processes are strong candidates for those
processes that could account for such a signal.

Figures:
Fig 1 The colors in the legend do not match with the ones on the figure. Probably
because of the gray overlay.

Yes, this is a problem with the overlay. The figure has been updated to take
the overlay into consideration and the colors should match now. Thank you for
bringing this up to us.

Fig 2 The model mesh is hardly visible at the size of panel A. An inset for
one prominent region could maybe help to visualise the grid. For my eyes
panels D and E are indistinguishable. I would therefore suggest to show the
difference from S3 panel A here rather than practically showing the same figure
twice. Clearly, the dynamic thickness change is one of the most important
variables when considering the dynamic changes and should not be hidden in the
appendix. It represents the added benefit and justification for performing your
analysis with an expensive ice sheet model. Please consider using a non-linear
scale for the panels B-F. It should for example become better visible that there
is a positive SMB anomaly in the centre in D and E. Why are velocities in panel
C given for December 2012? Is that the reference date for the observations? If
not, maybe an annual average would be more appropriate.

All the panels for Fig. 2 have been moved to the supplement, because, as
discussed above, these figures are for reference and do not pertain directly to
the mascon-by-mascon comparison we are addressing here. In the supplement,
the figures are now much larger, 2 panels per page, so the colors and spatial
patterns are more visible for the reader. As discussed above, a mascon version
of the dynamic thickness change plot is already in the manuscript (Fig. 6). The
dynamic plot in the supplement is now enlarged, so that it shows more detail.
For the velocities and thickness comparisons against observations, we now use
the relaxed model as the reference. For the velocity change from 2003-2012, we
now use annual averages of velocities for these years.

Fig 3 If the grey curve gives the SMB forcing for the model, shouldn’t it also
show seasonal variations? Please clarify and correct if necessary.
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We have included a light gray line in this plot, which represents the seasonal
SMB forcing. That you for pointing this out.

Fig 4 Maybe some of the interior mass gain could be explained by ”millennial-
scale ice-sheet thickening is an anticipated result of the downward advection
through the ice sheet of the transition between relatively ’soft’ Wisconsin ice
and relatively ’hard’ Holocene ice.” (Colgan et al., 2015).

Again, thank you for this suggestion. Unfortunately, the largest ”Reeh”
thickening occurs in the Southern ice sheet, and most of our observed thickening
is taking place in the Northeast. (The spatial resolution in the south is not
refined enough to separate the interior from the margins, so any background
trend is indistinguishable in magnitude over the mascon.) We have noted this
process as a possible explanation for the thickening, however, and have also
discussed other theories for background thickening in the Northeast.
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2 Anonymous Referee 2

I am not sure what the paper intends to achieve. As stated, the idea of the paper
is to evaluate (validate?) the behavior of ISSM by comparing results from an
initialisation experiment to observed mass changes as derived from GRACE.
However, I understand the purpose of the paper more as trying to explain the
current evolution of the Greenland ice sheet and as an attempt to decompose
the observed ice-sheet imbalance into its possible contributions, and attribute
the residual from subtracting the modeled trend from the observed trend to
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(mainly) missing ice physics at the margin. If so, I believe there are serious
problems with the way the experiments have been set up.

As suggested by referee 1, we have reworked the manuscript, including the
title, tone, and focus to address the confusion about validation of an ice sheet
model that is missing physical processes that play a significant role in dictating
Greenland MB. We agree that, instead, our goal is to use GRACE to assess the
dynamics that are not captured by current model-based estimates of Greenland
MB (comprised of SMB and ice sheet model), and we hope that the new version
of the manuscript makes this goal clearer.

First, the ice-sheet model is run to steady state with the 1979-1988 average SMB
from the Box SMB model, and this state is then taken as the initial condition
for 1846. Implicit in this approach is that the ice sheet was also in steady state
in 1846 and that the ice flow and ice thickness field for both periods was in
equilibrium with the 1979-1988 SMB for both periods (and identical). Even
though it is rather well established that Greenland ice sheet volume was overall
not changing during the 1979-1988 period, this does not mean that the local
mass balance was necessarily zero all over the ice sheet (which is in fact highly
unlikely), i.e. thinning in certain regions could well have been compensated by
thickening in other regions.

This is a very good point, and part of the assessment of this study is to
determine where our assumption might be invalid, through comparison with
observations. Overall, we find that in order to study mass balance variations
over such a short timescale, the results are not strongly affected by our spinup
assumptions. For instance, in the supplement, we include a number of variations
in model spinup, using different MAR products for the reference climatology (for
example MAR2, MAR 3.5.2, and MAR 3.5.2 with NCEP boundary conditions),
and each product has different spatial patterns in the spinup climatology. We
find (as mentioned in the manuscript) that our results are not strongly sensitive
to the initial spatial patterns of our spinup climatology. Additional experiments
have also shown that our results for the short period 2003-2012, would not
change if a climatology between 1840 and 1900 were used for the spinup. In
fact, to the first order, the ice sheet model responds almost exclusively to the
anomalies in SMB, and these responses are small compared to the SMB internal
variability. We expect any second-order responses due to our choice of steady-
state climatology to be even smaller, and would not change the conclusions
presented here.

The current evolution of the Greenland ice sheet is the result of the superim-
position of many different signals on a multitude of time scales. Very long time
scales of 10**3-10**4 years are connected to viscosity changes in the basal layers
from ice temperature and ice property changes and to icedynamic adjustments
to geometry changes that likely extend back as far as the Last Glacial Maxi-
mum. The approach taken by the authors ignores all these longer-term effects
as a contribution to current mass changes of the Greenland ice sheet.
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The spinup procedure does ignore these background effects, and this is a
limitation that we discuss in the initialization section of the manuscript. How-
ever, because we have chosen a steady-state: spinup procedure, we are confident
that our ice sheet model is responding to only changes in SMB. In terms of dy-
namic background trends in the ice sheet, this is an advantage, as pointed out
by referee 1. As suggested, by removing the model results from interior, we
are able to isolate signals of interior thickening. We believe the addition of this
component to our results and discussion strengthens the manuscript.

Second, I am somewhat surprised by the choice of the ice sheet model. For their
study, the authors opted to use the 2D SSA version of ISSM, which ignores
vertical shearing. That is fine for modeling ice streams in Antarctica with high
basal sliding, and may apply in Greenland in outlet glaciers close to the coast,
but much of the Greenland ice sheet is frozen to bedrock with a flow regime
that is better approximated by the SIA. It is furthermore not clear whether
ice temperature is evolving together with the ice flow (I guess not, it seems
to be prescribed) which a priori excludes a temperature change contribution
to the current ice evolution (as are e.g. changes in ice hardness related to the
downward advection of the LGM/Holocene boundary, amongst possible other
processes).

For the newly revised version of the manuscript, we have updated and re-
processed all of our results to use the L1L2 version of ISSM (which considers
vertical shear to the same extent that SIA does, but also considers longitudinal
stresses), in order to address your concerns. This update does not change any
of our main discussion or conclusions.

Over the short time period we investigate here, changes to ice temperature
are not expected to cause any significant changes to our results [Seroussi et al.,
2012]. Because of this, we believe that we are justified in holding the ice temper-
ature (ice viscosity) constant throughout the simulation. As discussed above,
since dynamic thickening due to past climate forcing of the ice sheet is not in-
cluded in our simulation, we expect it to be captured in the difference between
GRACE-JPL and the model simulations.

Third, the paper does not convince me that the difference between modeled and
observed trends can be attributed well on a regional scale as the uncertainties
in input and observed fields are too large (especially SMB, but also bedrock
elevation, in addition to errors in the GRACE field that is moreover spatially
poorly resolved) and the simplifications in the model setup and initialization
procedure are too important to reach solid conclusions.

The strategy of our manuscript was to quantify the uncertainties in GRACE-
JPL and the uncertainties in SMB, because they indeed do have significant
uncertainties at a 300 km spatial scale/monthly temporal scale (i.e., the spa-
tiotemporal scales of interest for our study). It is of utmost importance that
these errors are rigorously defined. Upon comparison, it is clear that there are
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regions, and during specific times of the year, where observations and the model
results differ outside the bounds of the calculated uncertainty, which allows us
to then probe into attribution of this signal. We believe that the methods pre-
sented here are among the most rigorous that have been applied for this type
of comparison, and that our conclusions are justified based on our calculated
uncertainties.

Apart from these reservations, partly confirmed by the authors when differen-
tiating between different regions, I found the results section hard to swallow as
it is much too long, not well organized, and lacks synthesis.

Based on suggestions from referee 1, we have removed many of the technical
details from the main text of the manuscript, have organized the results and
the discussion into sections, and have reworked the introduction to focus on the
three key components of this comparison (SMB models, ice sheet model, and
GRACE). We believe that these changes address the concerns mentioned here.

I don’t think the problems with the paper as it stands now (focus and length of
the paper, problems with the model setup and the initialization, not considering
pre-1846 contributions to ice evolution, messy conclusions, ...) can be fixed with
only a major revision.

During manuscript revision, we have reduced the technical details in the
main text of the paper and have tried to better focus on our goal of assessing
regional mass variability in Greenland (both observed and modeled). We do not
believe that our model setup has any notable problems, but we do admit that
there are limitations as a result of our assumptions. These limitations are dis-
cussed in detail in the manuscript, and we believe the steady-state spinup offers
an opportunity to quantify ice sheet changes in response to pre-1840 climate
forcing of the paleo ice sheet, particularly in the interior of the ice sheet. Such
background trends should manifest as trends in GRACE, and not in temporal
variability. By separating trend and annual amplitudes, our methods should ex-
pose significant shifts in trend that are related to dynamic background trends.
For example, we discuss that the Northwest is out of balance, as GRACE-JPL
exhibits mass loss even during the winter months.

A few other comments Abstract, p.1, lines 17, 19: ’transient’ processes, ’tran-
sient’ dynamics: what is meant with ’transient’ in this context?

The term transient has been changed to ”temporally evolving”, which we
believe is a more clear description of the processes we are referring to here.

p. 2, line 2: ’Sto’: the referencing is somewhat sloppy. Presumably, ’Sto’
is Stocker et al., 2014. This kind of referencing occurs in many other places
in the manuscript. More generally, when referring to the IPCC work, it is
recommended to refer to the individual chapters.
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As we have responded to referee 1, we do not know why this reference did
not render correctly during the TCD upload process. This has been updated,
and the reference has been updated to refer to the specific chapter of interest
[Church and White, 2011].

p. 4, line 16: who are A. et al.?

As noted to referee 1, this reference is actually correct. Mr. A had the very
unfortunate life circumstance of having a last name that was uniquely given by
the first letter of the alphabet! We share in your sentiments that this is quite
unfortunate for Mr. A.

p. 4, line 6: what is meant with ’surface mass variations’? Do the authors
perhaps mean surface elevation changes? If so, are these expressed in ice equiv-
alents, i.e. in mass changes? Or do the authors mean ’ice mass’ variations as
opposed to the GIA contribution to GRACE?

We believe the referee is referring to a phrase that is located on p. 4, line 16.
GRACE observes total mass variations: these include mass variations on the
surface of the earth (water/ice), above the surface of the Earth (atmosphere),
and below the surface of the Earth (glacial isostatic adjustment). By ’surface
mass variations’, we mean exactly that: mass variations on the surface of the
Earth. These include not only ice mass variations, as you suggest, but also mass
variations due to snow and water. By removing glacial isostatic adjustment from
the GRACE signal, we remove the solid Earth mass variations, and are left with
only ”surface mass variations”. We prefer to keep the verbiage as is.

p. 5: why is only a 9-year period chosen for averaging SMB. Isn’t that a bit short
considering the inherent variability of climate conditions over the ice sheet?

We have reworded Section 3.2 to be more explicit about why this 10-year
period was choses as our reference period. Most importantly, it is the overlap
period of all 3 SMB models, that also happens to exists during the 1971-1988
steady-state period noted by Rignot et al. [2008]. This is bound by the begin-
ning of the ERA-I reanalysis period. In order to avoid inconsistencies between
continuity strategies for the SMB products, we decided not to use any products
forced with ERA-40. We were satisfied that the ice sheet remained in a near
steady-state during the 1840-1900 ISSM simulation, suggesting that decade is
reasonably similar in climatology to the first 60 years of simulation. Overall,
we feel the choice is justified and that the mean climatology chosen is reason-
ably representative of the mean SMB for the beginning of the historical spin up
period.

p. 6, line 9: ’ISSM Greenland observed velocities’: do you perhaps mean ’mod-
elled velocities’?

20



We believe the referee is referring to a phrase that is located on p. 9, line 6.
If so, thank you for pointing this out. This was an important mistype that his
not been fixed as suggested.

p. 29, Fig. 2: the figures are too small to distinguish the patterns. The blue-red
colour scale does not allow to differentiate much.

All the plots in this figure have been enlarged (and are now located in the
supplement), so that we only present 2 panels per page. We believe that these
figures, now being larger, are easier to distinguish in terms of the color bar and
spatial patterns.

p. 31, Figure 5: the colour legend seems to be for the difference plot (panel C)
only, but not for panels A and B. ’Mascons’ with the same colour do not always
appear green in panel C. Otherwise there is a problem with the color scale.

We doublechecked Figure 5 and found consistency in A, B, and C. Colors
are consistent between the three plots. Figure 5 is now updated, as we have
updated all our results to include a new version of GRACE and the L1L2 version
of ISSM results. We have ensured that the colors are also consistent in this new
version of the manuscript.
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Abstract.

Quantifying the Greenland Ice Sheet’s future contribution to sea level rise is a challenging task that requires accurate es-

timates of ice sheet sensitivity to climate change. Forward ice sheet models are promising tools for estimating future ice

sheet behavior, yet confidence is low because evaluation of historical simulations is challenging, due to the scarcity of highly-

resolved (spatially and temporally) continental-wide validation data. Recent advancements in processing of Gravity Recov-5

ery and Climate Experiment (GRACE) data using Bayesian-constrained mass concentration ("mascon") functions have led

to improvements in spatial resolution and noise reduction of monthly global gravity fields. Specifically, the Jet Propulsion

Laboratory’s JPL RL05M GRACE mascon solution (GRACE-JPL) offers an opportunity for the assessment of model-based

estimates of ice sheet mass balance (MB) at ∼300 km spatial scales. Here, we investigate how Greenland monthly observed

MB (GRACE-JPL) differs from that estimated by state-of-the-art, high-resolution models. To simulate the years 2003-2012,10

we force the Ice Sheet System Model (ISSM) with three different surface mass balance (SMB) products derived from regional

climate models. Resulting MB is compared against GRACE-JPL within individual mascons. Overall, we find agreement in the

Northeast and Southwest where MB is assumed to be primarily controlled by SMB. In the interior, we find a discrepancy in

trend, which we presume to be related to millennial-scale dynamic thickening not considered by our model. In the Northwest,

seasonal amplitudes agree, but modeled mass trends are muted relative to GRACE-JPL. Here, discrepancies are likely con-15

trolled by temporal variability in ice discharge, related processes not currently modeled by ISSM, i.e. hydrological processes

and ice-ocean interaction. In the Southeast, GRACE-JPL exhibits larger seasonal amplitude than predicted by SMB while si-

multaneously having more pronounced trends; thus, discrepancies are likely controlled by a combination of missing processes

and errors in both SMB and ISSM. At the margins, we find evidence of consistent intra-annual variations in regional MB that

deviate distinctively from the SMB annual cycle. Ultimately, these monthly-scale variations, likely associated with hydrology20

or ice-ocean interaction, contribute to steeper negative mass trends observed by GRACE-JPL. Thus, models should consider

such processes at relatively high (monthly-to-seasonal) temporal resolutions to achieve accurate estimates of Greenland MB.
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1 Introduction

The Greenland Ice Sheet is a significant source of sea level rise, contributing approximately 0.75 mm/yr over the last decade

(Shepherd et al., 2012; Luthcke et al., 2013; Velicogna et al., 2014), and its rate of contribution is expected to accelerate in the

coming centuries (Pachauri et al., 2014; Church and White, 2006, 2011). The quantification of Greenland’s future contribution

to sea level rise is a challenging task, and uncertainty in such an estimate is high. The largest source of this uncertainty5

is estimation of future contribution of ice sheet surface mass balance (SMB), or the sum of atmospheric processes: snow

accumulation, surface runoff, and evaporation. An additional source of uncertainty is the estimation of how much ice the ice

sheet will discharge into the ocean, which requires an accurate understanding of ice flow sensitivity to future changes in surface

mass balance. Often, current observable trends in ice sheet mass balance (MB) are extrapolated (Shepherd and Wingham, 2007;

Velicogna, 2009; Rignot et al., 2011) in order to estimate future changes to sea level. An alternative to this method is to take10

advantage of numerical ice sheet models (e.g., Bindschadler et al., 2013; Nowicki et al., 2013; Aðalgeirsdóttir et al., 2014)

that have been validated against historical data to run forward simulations of the future.

Such physically based, ice sheet forward models are the most promising tools for estimating future ice sheet behavior.

However, model-based estimates of Greenland MB are plagued with significant spread and large uncertainties. For instance,

behavior varies dramatically between models (Bindschadler et al., 2013; Nowicki et al., 2013; Shannon et al., 2013), as each15

model has its own spinup procedure and a different treatment of boundary conditions/model forcing, implementation of sliding

laws, and choice of ice flow equations. Main sources of ice sheet model uncertainty include (1) surface mass balance forcing,

(2) limitations to model spinup, and (3) missing processes, i.e. basal lubrication due to surface runoff reaching the bed (Schoof,

2010; Tedesco et al., 2012), warming of ice due to runoff refreeze (Fausto et al., 2009; Phillips et al., 2010, 2013), and ice/ocean

interaction (including grounding line retreat (Holland et al., 2008; Rignot et al., 2010) as well as changes to flow resistance at20

the calving front (Walter et al., 2012)). Because the physical mechanisms associated with these missing processes are not well

understood, many ice sheet models lack skill in capturing the complex variability of Greenland MB that has been observed

over the last decade. As an alternative, recent efforts have used simplified parameterizations to model such processes, and

this strategy has proven successful in reproducing present-day observed trends in Greenland MB (e.g., Fürst et al., 2015).

Still, many ice sheet models lack full physical representation of the stress balance (in particular longitudinal stresses) and the25

temporally-varying processes that govern ice sheet surface deformation and MB evolution.

In terms of ice sheet mass variability, studies suggest that Greenland’s SMB (particularly surface melt) (Enderlin et al., 2014)

is the primary contributor to the observed changes in MB, while changes to ice discharge into the ocean remain secondary.

Over the last decade, notable progress has been made in understanding the temporal and spatial variability of Greenland’s

SMB (and its components), through dynamical downscaling of available observations. For example, Regional Climate Models30

(RCMs) like the Regional Atmospheric Climate Model version 2.3 (RACMO) (van Meijgaard et al., 2008) and the Modèle

Atmosphérique Régional (MAR) (Gallée and Schayes, 1994) run complex surface snow models and are capable of resolving

SMB over Greenland onto high-resolution grids (i.e. 5-25 km) (e.g., Fettweis et al., 2005; van Meijgaard et al., 2008). Output

from these models offer insight into SMB variability, as well as the errors associated with each. But often, these models do
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not agree on SMB magnitudes or spatial patterns (Rae et al., 2012), which has been shown to be a source of uncertainty in

forward ice flow simulations (Schlegel et al., 2013). This is particularly the case considering that variations in SMB - including

increased melt and subsequent drainage of runoff - may alter ice flow and contribute to changes in ice discharge, and physically

based models of these processes are difficult to evaluate due to the scarcity of continental-wide data for model validation. As

a consequence, the partitioning of Greenland’s MB between SMB and discharge remains an ongoing challenge (Howat et al.,5

2007; van den Broeke et al., 2009; Pritchard et al., 2009; Kjær et al., 2012; Yan et al., 2013; Khan et al., 2014) and a hindrance

to the improvement in model-based projections of future sea level.

Another pressing issue is the lack of observational data for model evaluation. In response to the need for such data, govern-

ment agencies have deployed a number of instruments for the purpose of monitoring the MB of the polar ice sheets through

satellite altimetry, interferometry, and gravimetry (Pritchard et al., 2009; Zwally et al., 2011; Rignot et al., 2011; Shepherd et al.,10

2012; Velicogna and Wahr, 2013). For more than a decade, the joint U.S.-German Gravity Recovery and Climate Experiment

(GRACE) has continuously acquired time-variable measurements of the Earth’s gravity field and has provided unprecedented

surveillance of MB of the Polar ice sheets (e.g., Wu et al., 2002; Luthcke et al., 2006; Baur et al., 2009; Velicogna, 2009;

Wu et al., 2009; Chen et al., 2011; Schrama and Wouters, 2011; Jacob et al., 2012; Sasgen et al., 2012; Velicogna and Wahr,

2013; Schrama et al., 2014). GRACE data are typically processed by estimating gravity field variations using unconstrained15

spherical harmonic basis functions. These estimates ultimately suffer from a highly correlated error structure in the form of

longitudinal stripes, and a variety of methods have been developed to remove these artifacts. Recent advancements in GRACE

data processing have provided a Bayesian-framework for removing this correlated error structure (ultimately resulting in im-

proved spatial resolution) using mascon basis functions rather than spherical harmonics (Luthcke et al., 2013; Watkins et al.,

2015). Such solutions now offer an opportunity for the assessment of model-based estimates of Greenland MB.20

Here, we take advantage of a high-resolution (∼ 300 km) monthly mascon solution for the purpose of mass balance compar-

ison with independent historical model-based estimates of Greenland Ice Sheet mass balance evolution. A mascon-by-mascon

comparison is made between the model-based mass balance estimates and the JPL RL05M GRACE mascon solution, provided

by the Jet Propulsion Laboratory (GRACE-JPL) (Wiese et al., 2015). This comparison is utilized to highlight the regions of the

ice sheet that differ the most from GRACE, in order to discern where the models suffer from errors or missing physical pro-25

cesses. This allows us to make conclusions about the relative contributions of various error sources to model and GRACE-JPL

uncertainty. This study constitutes the first direct mason-to-mascon comparison of GRACE data with ice sheet model output.

This study is organized as follows: in the first section we describe the GRACE-JPL mascon solution. In the second, we

discuss the forward ice sheet model and describe the model application to the Greenland Ice Sheet, our spinup methodology,

model inputs, and model estimates of SMB. In the third section, we discuss the quantification of errors in the GRACE-JPL30

solution and uncertainty in the model output. In the fourth section, we present results, focusing on spatial and temporal compar-

isons between the model estimates of Greenland MB and GRACE-JPL mascon solutions. Finally, we discuss the application

of GRACE-JPL mascon solutions to the quantification of regional ice discharge and to the evaluation of model-based estimates

of historical ice sheet mass balance. We make conclusions about regional partitioning between SMB and discharge and how

the relative contribution of these mass balance components may vary seasonally.35
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2 JPL RL05M GRACE mascon solution

This study utilizes a new GRACE gravity solution, JPL RL05M, which solves for monthly gravity anomalies in terms of

equal-area 3-degree surface spherical cap mass concentration (“mascon”) functions (Watkins et al., 2015; Wiese et al., 2015),

for which it takes 4551 to cover the surface of the Earth. This mascon solution is fundamentally different than other mascon

solutions (Luthcke et al., 2013), both in the type of basis function used, as well as the choice of regularization to remove cor-5

related error. The JPL RL05M solution is unique in the sense that it applies statistical information on expected mass variability

derived from geophysical models and altimetry data to condition the solution and remove correlated error. This solution has

been shown to have slightly better spatial resolution than spherical harmonic solutions, and in particular has shown signifi-

cant improvement in recovering ocean mass variations, including ocean currents (Landerer et al., 2015), which are small in

amplitude and typically difficult to detect.10

Over the Greenland Ice Sheet, the solution is relatively unconstrained, and not guided by any model of surface mass varia-

tions, since these are poorly understood from a physics-based modeling perspective. As such, the model output assessed here

and GRACE-JPL data are completely independent of each other. The placement of the mascons is seen in Fig. 1. Note that

this placement was arbitrary in the derivation of the JPL RL05M solution and was not optimized for any specific application

of the GRACE data (i.e., recovering Greenland mass variations). Note also that the estimate of mass in each mascon can be15

considered relatively independent of the other mascons, as we do not apply any apriori spatial correlation between mascons

(this choice is appropriate for high latitudes due to dense ground track coverage), and the formal posteriori covariance matrix

indicates small correlations between adjacent mascons. This solution has been shown to agree with previously published re-

sults (within formal error bars) regarding the total rate of mass loss from the Greenland Ice Sheet (Watkins et al., 2015). In this

analysis we examine mass changes over the ice sheet with the native resolution of the gravity solution (i.e. individual mascons),20

constituting the highest spatial resolution analysis of the Greenland Ice Sheet from GRACE data thus far.

The GRACE data have certain known limitations, and as such, we apply standard post-processing procedures to correct for

these. TheC20 coefficient (defining the oblateness of the Earth), which is poorly observed by GRACE, has been substituted with

an estimate derived from Satellite Laser Ranging (SLR) data (Cheng and Tapley, 2004). GRACE does not observe movement

of the center of mass of the Earth, since the satellites orbit this point at all times; as such, we use an estimate of geocenter25

motion from Swenson et al. (2008). The position of the Earth’s mean pole has been corrected using the recommendation of

Wahr et al. (2015). Known jumps in the background atmosphere dealiasing products (occurring in 2006 and 2010) have been

accounted for by using provided GAE and GAF products. Finally, the solid Earth glacial isostatic adjustment (GIA) signal has

been removed from the GRACE data using the model provided by A et al. (2013), in an effort to isolate only surface mass

variations for a direct comparison against the ice sheet model.30

One post-processing algorithm that is unique to the JPL mascon solution concerns the treatment of leakage errors. Many of

the Greenland mascons lie on both land and ocean regions (Fig. 1), and as such, the solution for these mascons will contain the

average mass of both the land and ocean. We apply a Coastline Resolution Improvement (CRI) filter to the data (Watkins et al.,

2015) to separate the land and ocean portions of each of these mascons. As such, in all analyses presented here, the ocean mass
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from each mascon has been removed, and we are analyzing only the land component of each mascon. For further details on the

JPL RL05M mascon solution and the CRI filter, the reader is referred to Watkins et al. (2015). The data are publicly available

at www.grace.jpl.nasa.gov. From hereafter, we refer to the JPL RL05M GRACE mascon solution as GRACE-JPL.

3 Model Descriptions

3.1 Ice sheet model5

The Ice Sheet System Model (ISSM) is a thermo-mechanical finite-element ice flow model. It relies upon the conservation

laws of momentum, mass, and energy, combined with constitutive material laws and boundary conditions. The implementation

of these laws and treatment of model boundary conditions are described by Larour et al. (2012). In this study, we simulate

the Greenland Ice Sheet with a two-layer thin-film approximation (L1L2) (Schoof and Hindmarsh, 2010; Hindmarsh, 2004),

implemented within ISSM. The L1L2 formulation is based on the Stokes equations, includes effects of longitudinal stresses,10

considers the contribution of vertical gradients to vertical shear, and assumes that bridging effects are negligible.

3.2 Initialization and Relaxation

The strategy for ISSM Greenland continental initialization, relaxation, and spinup is described in detail by Schlegel et al. (2013,

2015). For this study, the anisotropic mesh is composed of 91,490 elements, refined using observed surface (Scambos and Haran,

2002) and velocity (Rignot and Mouginot, 2012) fields (Fig. S1). Mesh resolution is set to a minimum of 1 km in steep ar-15

eas with high velocity gradients and to a maximum of 15 km at the ice divides. We initialize the bedrock geometry with

150 m gridded BedMachine bedrock (Morlighem et al., 2014a) and ice surface data (Howat et al., 2014). Three dimensional

ice temperature and ice viscosity are derived from a steady-state higher-order (Blatter, 1995; Pattyn, 2003) three-dimensional

formulation of the thermal regime, using observed velocities, surface temperatures, and geothermal heat flux (Larour et al.,

2012; Seroussi et al., 2013). Surface temperatures are from Ettema et al. (2009) and geothermal heat flux estimates are from20

Shapiro and Ritzwoller (2004). We determine the spatially-varying basal drag coefficient using inverse methods (MacAyeal,

1993), following Morlighem et al. (2010), in order to best match the modeled ice surface velocities with InSAR surface veloc-

ities (Rignot and Mouginot, 2012). We hold ice viscosity and basal drag constant during the forward simulation.

For model relaxation, we consider that ice sheet mass balance is comprised of three major components, SMB, basal mass

balance (BMB), and discharge (D), such that MB = SMB+BMB−D. For the ISSM simulations presented here, basal25

hydrology is not simulated; therefore, we consider the basal mass balance to be equal to zero and assume that the value does

not change over time. As a result, a fully relaxed ice sheet model, with MB near zero, would be in a "steady"-state such that

the ice outflux from the model margins (D) is nearly equal to SMB.

The approach of this study is to achieve an ice sheet that is in virtual steady-state with regards to thickness and velocity

(Schlegel et al., 2013), through relaxation to a reference SMB climatology (SMB). To accomplish this, we force the model30

with 1979-1988 average SMB estimates (SMB) from Box (2013) (Appendix Sect. 1), for a total of 56,000 years. SMB is
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interpolated onto the ISSM Greenland mesh and is imposed through a one-way coupling scheme (Schlegel et al., 2013). We

choose this particular 10-year modern period (1979-1988) as our reference climatology because from 1971-1988, the ice sheet

was believed to have a mass balance of zero (Rignot et al., 2008). In addition, all three historical SMB products are defined

during these 10 years (Sect. 3.3), which allows us to calculate anomalies against the same climatological period for all products.

The state of the relaxed ice sheet (ice thickness, bedrock elevation, and ice velocities), represents our assumed state of the ice5

sheet in 1840, and serves as the initial state for the historic ISSM simulations. Therefore, it is important to note that the largest

outlet glaciers slow during relaxation, and the total volume of the ice sheet is reduced from its present-day initialization value

by 2.6% (for more details, see Appendix Sect. 4, Fig. S2 and Fig. S3).

For this comparison,we use state-of-the-art assimilation techniques to best capture the Greenland Ice Sheet’s surface prop-

erties, including topography and surface velocities at the beginning of our simulation. This approach offers the advantage10

of a well-captured present-day surface velocity field. However, it is important to acknowledge that there are key limitations,

including lack of validation due to general uncertainty about the state of the ice sheet in 1840 and mismatch between the ob-

servational datasets (i.e. surface velocity map derived from measurements acquired in 2008-2009 ) that have been assimilated

into the fields of ice viscosity and basal drag during initialization. In addition, because we do not spinup the model through

past climate and instead relax the ice model towards steady-state, our results do not reflect present-day changes to the ice sheet15

that may be occurring in response to climatological conditions prior to 1840 (e.g., Colgan et al., 2015; MacGregor et al., 2016).

Instead, for this study, our model-based mass balance estimates consider any remaining drift in the relaxed ice sheet model

(represented by a control run, illustrated in Fig. 2), a high-resolution estimate of the SMB forcing over that period, and an ice

model calculation of the ice dynamic response to the historical (1840-2012) SMB forcing.

3.3 Models of Historical SMB20

After relaxation, we spinup the forward ice sheet model for 173 years, from 1840-2012, using reconstructed monthly SMB after

Box (2013). This product, hereafter referred to as BOX, is described in more detail in Appendix Sect. 1. The 173-year historic

run constitutes our base simulation. We plot the total yearly BOX SMB forcing for this run in gray in Fig. 2. On the same figure,

in red, we plot the monthly evolution of total ice sheet mass during spinup. From 1840-1900, the model maintains a relative

steady-state. After 1900, the overall trend in ice sheet mass balance is dominated by mass loss until 1970, when accumulation25

over the ice sheet increases. During the following decades - which include the period used as climatological reference period

for SMB - through the end of the 1990’s, we find that the simulated ice sheet re-achieves a near stable condition, growing

only slightly from 1970 to 2000.

The state of the ice sheet (dictated by ice thickness, bedrock elevation, and ice velocities), at the end of year 1978, is the

initial condition for two additional historic simulations. For these simulations, we force the 1978 model state with SMB anoma-30

lies (with respect to the specific product’s 1979-1988 mean) from two different regional, coupled surface-atmosphere models:

a) MAR 3.5.2 [1979-2014] (hereafter referred to as MAR), run at a 10 km resolution, downscaled to 5 km (Fettweis et al., 2005,

2011) and b) RACMO 2.3 [1979-2014] (hereafter referred to as RACMO), run at an average 11 km resolution (van Meijgaard et al.,

2008; Ettema et al., 2009). The total SMB forcing for each RCM product is equal to SMB plus the monthly SMB anoma-

6



lies derived for that particular product beginning in 1979. It is important to note that both of these RCMs are forced at their

boundaries by the European Centre for Medium-Range Weather Forecasts (ECMWF) Interim (ERA-I) reanalysis, which be-

gins in 1979 (Uppala et al., 2005). The SMB forcing is applied to ISSM as a monthly forcing of ice-equivalent thickness,

thus snow compaction and firn densification is captured only by each RCM’s surface snow model and in that model’s specific

determination of SMB.5

4 GRACE period mass estimates

The purpose of this study is to compare ISSM forward simulations, forced with three different high-resolution RCM-derived

SMB products, against the monthly GRACE-JPL product, in order to highlight the regions where modeled ice sheet mass trend

and annual amplitude differ from GRACE. The resolution at which the comparison is made is limited by the spatiotemporal

resolution of the GRACE data; therefore all comparisons are made on monthly timescales, from 2003-2012, at the spatial10

resolution of individual mascon elements (∼110,000 km2).

In this analysis, we consider 2003-2012 SMB anomalies (with respect to SMB, hereafter, referred to as SMB-GrIS BOX,

SMB-GrIS MAR, and SMB-GrIS RACMO), ISSM Greenland Ice Sheet thickness changes, and the temporal evolution of mass

beyond the ice sheet margin (hereafter referred to as periphery). For the ice sheet contribution (where the density of ice is as-

sumed to be 917 kg/m3), we assess ISSM-modeled mass changes within all mascons that contain portions of the Greenland land15

mass (Fig. 1). For the periphery, we assess areas of bare rock/tundra and the glaciers/ice caps that are not physically attached to

the ice sheet. A high resolution (1/120 degree) mask, distinguishing the ice sheet, peripheral ice, and land (Gardner et al., 2013)

is relied upon to create the original ISSM domain outline of the ice sheet. We then use this mask to categorize all land within

the Greenland mascons (Fig. 1). The outline of each mascon is projected into cartesian coordinates (Fig. 1). Within the ice

sheet boundary, mass changes are considered on individual elements of the ISSM mesh and outside of the ice sheet boundary,20

mass changes are considered on individual elements of a 10 km triangular mesh. To assess mass change within each mascon,

elements within the projected mascon boundaries are summed, and elements bisected by mascon boundaries contribute to this

sum proportionally (by area) to the mascons that fall within their individual outlines. This procedure is mass conserving on the

continental-scale; however, it introduces small leakage errors along the mascon boundaries that are insignificant compared to

the uncertainties considered in this study (which we describe in detail in Sect. 5 and Appendix Sect. 3).25

Cumulative mass change within each Greenland mascon is determined monthly from 2003-2012. First, over the ice sheet

area, we sum the SMB anomalies for each of the forcing products: SMB-GrIS BOX, SMB-GrIS MAR, and SMB-GrIS

RACMO, over time. This resultant mass signal for each product represents the anomalous SMB forcing for the ISSM his-

torical simulations. Next, we sum mass changes simulated by ISSM Greenland for the BOX, MAR, and RACMO historic

simulations (hereafter, referred to as ISSM-GrIS BOX, ISSM-GrIS MAR, and ISSM-GrIS RACMO). This mass signal repre-30

sents the ISSM model estimate of ice sheet mass balance through time and is comprised of the anomalous SMB forcing and the

dynamic response to SMB changes since the year 1840. Note that because GRACE does not capture mass change over floating

ice, we remove the mass signal from areas classified as ice shelf (Morlighem et al., 2014a) for this analysis.
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Finally, we assess the monthly mass change over the peripheral areas, which includes bare rock/tundra and glaciers and ice

caps, as these signals are captured by GRACE-JPL. Peripheral mass changes have previously been shown to be significant,

on the order of -40 Gt/yr for the period of 2003-2009 (Gardner et al., 2013). Because each SMB forcing product represents

accumulation and melt differently over the bare rock/tundra, our analysis methods vary depending on the variables available

from each product. Peripheral glaciers and ice caps are assumed to not evolve dynamically; therefore, we assume that SMB5

is the only component that drives the cumulative mass trend. Hereafter, we refer to the individual ISSM simulation results

plus periphery estimates as ISSM-GrIS+P BOX, ISSM-GrIS+P MAR, and ISSM-GrIS+P RACMO. For details on how mass

is calculated for each SMB product on the periphery, see Appendix 2.

5 Quantification of errors and uncertainty

Uncertainty in both the GRACE-JPL mass estimates and the SMB-forced ice sheet model estimates of Greenland MB are10

considered in this study. Details on our assessment of this uncertainty are provided below.

5.1 Uncertainty in GRACE-JPL

Error is assessed in GRACE-JPL using the diagonal elements of the formal posteriori covariance matrix from the gravity field

inversion. The covariance matrix indicates that adjacent mascons have small correlations (∼0.2) with each other. As such,

each mascon is assumed to be uncorrelated with neighboring mascons. A mascon-by-mascon comparison to ICESat altimetry15

data (Csatho et al., 2014) validates this assumption, showing excellent agreement (Fig. S4). Additionally, leakage errors are

considered by assuming a 50% error in the ability of the CRI filter to perfectly separate land/ocean mass within mascons that

span coastlines. GIA model error is taken to be the 1-sigma spread of an ensemble of four GIA models, providing an error over

the Greenland Ice Sheet of ±15 Gt/yr, in good agreement with what is reported in Velicogna and Wahr (2013). In our analysis,

GIA model error is shown as one that increases linearly with time when interpreting GRACE observations. For further details20

on the derivation of errors for GRACE-JPL, see Appendix Sect. 3

5.2 Model Uncertainty

Errors in the modeled estimate of mass balance are taken to be the 1-sigma spread between ISSM-GrIS+P BOX, ISSM-GrIS+P

MAR, and ISSM-GrIS+P RACMO. As such, these errors capture uncertainty rooted solely in the SMB models. This approach

allows us to explicitly identify regions for which GRACE-JPL and ice sheet model output diverge outside of formal errors,25

and attribute these differences to likely errors in ISSM (which could be due to limitations in spinup, lack of a basal hydrology

model, unmodeled ocean-ice interactions, errors in bedrock, errors in the basal drag coefficient, or resolution limitations with

the mesh size). Note that since all SMB products are based on output from an RCM that is forced at the boundaries with the

ERA-I reanalysis, there could be common mode errors in the SMB products that are not considered here.
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6 Results

6.1 Greenland Cumulative Mass

For an overall comparison between GRACE-JPL and the ISSM Greenland simulation results, we plot the total cumulative

Greenland mass over the 10-year study period in Fig. 3A, and the total interior cumulative mass in Fig. 3B. These plots

include the mean total SMB anomaly RCM-derived forcing over the ice sheet (SMB-GrIS), the mean simulation results of the5

ISSM Greenland historical runs over the ice sheet (ISSM-GrIS), and the mean ISSM-GrIS simulation results over the ice sheet

plus the calculated mass change over the Greenland periphery (ISSM-GrIS+P). All timeseries are plotted as cumulative mass

through time and are offset to begin at zero at the start of 2003. Plots showing the timeseries for the three individual runs plus

periphery are also provided for reference (Fig. S5). Linear 10-year trends for each individual RCM and means are summarized

in Table 1. It is immediately clear that the model estimates (ISSM-GrIS+P) of the trend in cumulative total Greenland ice sheet10

mass are less negative than captured by GRACE-JPL, and account for only 64% of the total GRACE signal. The seasonal

variability, on the other hand, appears to be well captured by the ISSM-GrIS+P estimates. Note that the reported GRACE-JPL

trend of -284 Gt/yr includes Mascon 33 which includes a portion of Ellesmere Island, so it is not a true estimate of mass change

solely over Greenland.

6.2 Regional Trends and Amplitudes15

Within the interior (Fig. 1), we find that the total signal for GRACE-JPL is positive throughout the study period (Fig. 3B), while

the models suggest that mass increases until 2006 and remains neutral for the second half of the simulation. For the ten-year

period, the total interior discrepancy between GRACE-JPL and the model estimate is 9 ± 4 Gt/yr, which would be equivalent to

an average (unmodeled) dynamic background thickening of approximately 2 ± 1 cm/yr. The disagreement between the model-

based estimates of MB and the GRACE-JPL solution is most evident in the Northeast (Mascons 58 and 88), with the largest20

contribution from Mascon 58 (Fig. 4C). Overall, the comparison suggests that GRACE-JPL does capture dynamic thickening

in the Greenland interior, as the differences in trend between GRACE-JPL and the models are slightly outside the uncertainty

estimates for these products. We also note that these interior trends are small relative to trends in the marginal mascons, and as

a consequence the interannual variability of the GRACE-JPL signal is a significant feature in the mass balance timeseries (Fig.

3B).25

In Fig. 4, we plot the difference in trend spatially, per mascon. The trend is obtained by simultaneously fitting a linear trend

along with sinusoids with frequencies of once and twice per year to each timeseries of mass. We find that the majority of the

discrepancy occurs in specific regions: Mascon 167 (Kangerdlugssuaq), Mascon 266 (Southeast glaciers), and Mascons 86/87

(Northwest glaciers). The Southwest also contributes, though to a lesser extent, (i.e. Mascon 165, Jakobshavn Isbræ), where

the models result in a smaller negative trend, and Mascon 212, where the models result in a larger negative trend, by about 1530

Gt/yr and 10 Gt/yr respectively.

In Fig. 5 we plot the mean annual amplitudes for each mascon. The annual amplitude is calculated by first removing a

13-month running mean from each mascon timeseries, and then simultaneously fitting a sinusoid with a frequency of once and
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twice per year to each timeseries of mass. Overall, the annual amplitudes are well captured by the model results, suggesting

that the seasonal variability of SMB and its spatial distribution are most likely well represented by the three forcing products.

This is especially the case for the mascons that disagree the most in trend (i.e. 86, 87, 167, and 214), suggesting that errors in

SMB are not dominantly responsible for the differences between modeled mass trends and GRACE-JPL. More likely, these

differences are related to background dynamics (not considered in our steady-state ice sheet model spinup) and to increases5

in marginal ice discharge, driven by temporally varying processes not modeled here (including the effects of hydrology and

ice-ocean interaction).

6.3 Ice Sheet Model Contribution

Notable in Fig. 3A is the difference in trend between ISSM-GrIS and the SMB-GrIS. The ISSM-GrIS trend is less steep than

that of the SMB forcing anomalies, decreasing the rate of ice discharge by 14 ± 6 Gt/yr (Table 1). In Fig. 6, we plot the10

effects of the ISSM model on trend and amplitude, for each mascon. Spatially, the model affects the trend predominantly in

the south, especially in the Southeast, and also in the Northeast, where use of the ice sheet model reduces mass loss through

time (Fig. 6A). Along the margins, we find that the model mutes the annual cycle (Fig. 6B), suggesting that the mass loss may

be driven by a forcing that occurs in proximity to the margins, and not in the ice sheet interior. Since SMB is the only ice

sheet model forcing, this reduction in annual amplitude is likely related to thinning that occurs during the summer months in15

the lower elevations of the ice sheet. Indeed, we find that as runoff increases through time (Fig. 2) the interior of the ice sheet

increases in velocity (Fig. S6A), and the margins thin (Fig. S6B), flatten (Fig. S7B), and slow down (Fig. S6B). This results in

dynamic thickening (ice thinning at a lesser rate than that predicted by the SMB forcing), especially in the Southeast and in the

large outlet glaciers in the north (Fig. S7A, see Appendix Sect. 4). We find that the thinning of the margins, which is a direct

consequence of a decreasing SMB (Fig. 2), results in less ice discharge to the oceans. In addition, the resultant flattening in the20

ablation zone works to decrease the driving stress along the margins (Fig. S7C). Overall, this behavior increases the modeled

MB similarly for all three simulations, ultimately resulting in a better agreement between ISSM-GrIS BOX, ISSM-GrIS MAR,

and ISSM-GrIS RACMO (Fig. 3A and Table 1). The interior mascons are less affected, though there is evidence that minor

thinning and resultant background dynamic thickening occur in the south (Fig. S3B), i.e. Mascons 166 and 124 (Fig. 1 and Fig.

S7A). Overall, however, we find a close match between the ISSM-GrIS simulation and the SMB-GrIS in the interior (Fig. 3B25

and 6).

6.4 Peripheral Contribution

Another significant component of the mass signal is the contribution from peripheral glaciers. In Fig. 7, we plot the spatial

contribution of Greenland’s periphery on trend and amplitude. We find that inclusion of the periphery contributes negatively to

the trend (Fig. 7A), particularly in the Southwest, in Mascon 33 (i.e. Ellesmere Island) and in Mascon 167, but it contributes30

positively to the amplitude of the annual signal (Fig. 7B). Increased mass gain in the winter is driven largely by seasonal snow

load on tundra, while summer melt of peripheral land ice dominates the signal and contributes to the overall negative trend.
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We estimate that the peripheral glaciers are responsible for a total trend of −37±25 Gt/yr (Table 1), which agrees well

with Gardner et al. (2013). However, it is important to note that this estimate is associated with large uncertainty (Fig. 3A -

difference between red and blue shading). In fact, while the inclusion of the periphery glaciers allows us to account for a part of

the discrepancy between GRACE-JPL and ISSM-GrIS, doing so also increases the estimated uncertainty of the model results

(Fig. 3A). Comparison between the ISSM-GrIS+P RACMO, ISSM-GrIS+P MAR, and ISSM-GrIS+P BOX trends reveals that5

indeed, there are substantial differences in trend between periphery estimates (Fig. S8 and Table 1). The discrepancy between

the models is particularly large in the southern mascons. In the Southeast, where slopes and gradients in SMB are large along the

ice sheet margins, there is inconsistency between the RCMs, even in the sign of the trend. Analysis of the periphery in RACMO

reveals slightly positive trends in the south, particularly in the Southeast. Likely, this is partially due to the lower resolution of

the RACMO product (which is not downscaled to a higher resolution in post-processing, like the other two RCM products). The10

lower resolution leads to difficulty in resolving the ice margin near the coast. Comparison of mass trends in GRACE-JPL with

annual altimetry estimates (which do not include periphery) from 2003-2009, offers an observational estimate of peripheral

mass trend during the first portion of the GRACE record (Fig. S4). Results suggest that peripheral estimates of MB trend from

MAR have the best overall agreement with those observed in the south, while BOX has the best overall agreement in the north.

6.5 Seasonal Variability15

Full timeseries and mean seasonal cycle of mass change estimated by GRACE-JPL and by ISSM-GrIS+P are compared in

individual non-interior mascons in Figs. 8 - 11. The mascons are organized geographically, by ice sheet region (i.e. Northeast,

Southeast, Southwest, and Northwest). In some cases, mascons contain small fractions of the ice sheet margin. In these cases,

mascons are combined with a neighboring mascon. We include timeseries for all individual mascons in the Supplement, Figs.

S9 - S13.20

In the majority of the mascons, ISSM-GrIS+P captures the seasonal cycle observed by GRACE-JPL. The largest discrepan-

cies between ISSM-GrIS+P and GRACE-JPL occur during the summer. During this time, we also find that there is the largest

disagreement between the ISSM-GrIS+P runs. These results suggest, in agreement with Velicogna et al. (2014), that errors

in estimates of runoff within the SMB products are largely responsible for driving diverging error bars through time (most

notably in the Southwest, Fig. 8). Consistent errors in RCM estimates of runoff may also be partially responsible for the trend25

differences between ISSM-GrIS+P and GRACE-JPL, particularly in the mascons that agree well during the winter months but

differ during the summer. Overall, it is difficult to pinpoint a consistent bias that is associated with a particular region or SMB

model. Specifically, when comparing these products at the spatial scale of a mascon (∼300 km), discrimination of the sources

of uncertainty becomes more complicated.

In the Northeast, for instance, GRACE-JPL and ISSM-GrIS+P agree well in overall trend for mascons 59, and 89+90, while30

the annual cycle in 89+90 is consistent with GRACE-JPL estimates (Fig. 9). However, the annual cycle for Mascon 59 in

ISSM-GrIS+P is more exaggerated than GRACE-JPL, with greater accumulation during the winter months and greater mass

loss during the summer months. For Mascon 35 and 125+126, we find that GRACE-JPL has a more negative trend than ISSM-

GrIS+P. In Mascon 35, this is due to an ISSM-GrIS+P underestimation of mass loss in the summer relative to GRACE-JPL,
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while in 125+126, it is due to an ISSM-GrIS+P overestimation of mass gain during the winter relative to GRACE-JPL (Fig.

9). In the Southwest, such a discrepancy in trend for Mascon 165 is due to a combination of the two (Fig. 8), with the spread

between ISSM-GrIS+P and GRACE-JPL increasing non-linearly through time (Fig. S10). Mascons 212 and 265 have more

negative trends in ISSM-GrIS+P than GRACE-JPL, but agree very well in the seasonal cycle. This area is well covered by

observations (including the K-transect), and often RCMs are evaluated in this area. Here, we find that the differences are due to5

a higher estimate of runoff during the summer months (Fig. 8), predominantly causing a divergence between ISSM-GrIS+P and

GRACE-JPL from 2003-2009 (Fig. S10). Finally, for Mascon 324, we find that the ISSM-GrIS+P estimates have a large spread

in trend, largely due to uncertainty in periphery estimates (Fig. S8). The periphery estimate for Mascon 324 also contributes

to an exaggeration of the annual amplitude for this mascon (Fig. 7), resulting in a perceived overestimate of mass gain in the

winter and mass loss in the summer (Fig. 8). While errors in SMB forcing in these regions likely play the dominant role in10

differences between GRACE-JPL and ISSM-GrIS+P, there is evidence that missing model processes may also play a role.

Specifically, during the winter, GRACE-JPL captures month-to-month variability that is beyond the spread of the three ISSM-

GrIS+P runs (e.g., Mascons 165 and 324). In comparison, the ISSM-GrIS+P results are smooth and do not exhibit the same

type of variability.

Such variability is also present in the Southeast (Fig. 10) and Northwest (Fig. 11) sectors, where the majority of mascons15

show a significant discrepancy in trend between GRACE-JPL and ISSM-GrIS+P. Mascons 213 and 33+34 are clear exceptions,

and match well in both trend and annual amplitude. However, note that for Mascon 213, ISSM-GrIS+P and GRACE-JPL agree

prior to 2010 and then continuously diverge through 2012 (Fig. S12). These results agree with observations of velocity for

the region, in particular the acceleration of Ikativaq region in 2009 and of Helheim Glacier in 2010 (Joughin et al., 2008;

Moon et al., 2012; Khan et al., 2014). The rest of the mascons in the Southeast and the Northwest, where changes in ice20

discharge are believed to play a large role in recent mass changes, have GRACE-JPL signals that show large negative trends.

These negative trends are consistently underestimated by the ISSM-GrIS+P runs, even in the locations where the seasonal

signal appears to be well captured (e.g., Fig. 10, Mascon 214 and Fig. 11, Mascon 56). In the Northwest, in particular, it is

clear that in this region, it is not just the summer season that is responsible for the difference between GRACE-JPL and ISSM-

GrIS+P. In Mascons 56, 86+87, and 123, we find a distinct difference between GRACE-JPL and ISSM-GrIS+P during the25

entire year (Fig. 11). In these cases during the winter, GRACE-JPL indicates that mascon regions continue to lose mass, while

the SMB forcing (represented by the ISSM-GrIS+P runs) remains positive. In fact, for Mascons 56 and 86+87, the summer

melt appears to be well represented by the models. For Mascon 123, we find that summer runoff is overestimated; yet the

negative trend is simultaneously underestimated due to an overestimate of mass gain during the rest of the year.

7 Discussion30

Based on our analysis of errors, we assume that the majority of the difference in trend between ISSM-GrIS+P and GRACE-

JPL (-101 ± 35 Gt/yr; Table 1) can be attributed to processes not included in the ice sheet model. This assumption would be

consistent with recent studies (Moon et al., 2014) which report observed seasonal accelerations in local ice flow of magnitudes
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far larger (by a factor of 10) than the changes in ice velocity modeled by ISSM-GrIS over the ten-year simulation period (Fig.

S6A). In some cases, we find evidence that errors in SMB, especially within the periphery, may also significantly contribute

to these discrepancies. Below, we discuss the differences between ISSM-GrIS+P and GRACE-JPL for each region of the

Greenland Ice Sheet and assess the behavior of the model.

7.1 Northwest5

Overall, results from this comparison suggest that largest discrepancies in mass trend between the model and GRACE-JPL are

in the Northwest sector of Greenland. Here, such discrepancies are likely due to consistent ocean forcing, hydrology-driven

events, errors in modeling the bedrock, or errors in the ice model spinup. Modeled velocities in these areas are lower than

measured by InSAR (Fig. S2), so differences in model state exist at relaxation, and then persist throughout the simulation (e.g.,

errors due to insufficient bedrock, lack of physics, or general underestimation of surface melt runoff). Mean annual plots of10

GRACE-measured mass change (e.g. Mascons 86/87, 123, and 56) reveal that the Northwest continues to lose mass throughout

the entire year, even during winter months (Fig. 11). Comparison between the mean annual cycles and GRACE-JPL indicate

that it is an increase in ice discharge - not captured by the model - that dominates the mass trends here. Indeed, it is in this

region where we find SMB plays less of a role in determining mass balance, particularly in areas where modeled mass and

GRACE-JPL disagree outside of estimated uncertainty. Since SMB is positive during the winter, and the SMB products have15

strong agreement in this region during the fall, winter, and spring, increased ice discharge is most likely responsible for the

strong discrepancies between GRACE-JPL and ISSM-GrIS+P during non-summer months. During these months, GRACE-

JPL exhibits mass loss inconsistent with SMB, which suggests that the total mass in the Northwest is strongly out of balance

(Reeh et al., 2001; MacGregor et al., 2016). This finding is supported by the model behavior during relaxation to steady-state

SMB. During relaxation, we find that many glaciers in the Northwest slow down in order to be in balance with the SMB20

forcing (Fig. S3B). These results suggest that our assumption of historical steady-state is likely invalid for the Northwest

region of Greenland.

7.2 Southeast

In the Southeast, it is more difficult to pinpoint a particular factor that drives the differences between GRACE-JPL and the

model estimates of mass change. Mean seasonal plots (Fig. 10) of the mascons in this area reveal that the GRACE-JPL signal25

exhibits larger seasonal variations than estimated by the models. This suggests that discrepancies may be controlled by errors

in modeled SMB, including errors in mass contribution from the periphery (i.e., trend from glaciers and annual signal from

load on bare rock and tundra). The topography in the Southeast is steep, mountainous, and generally plagued by the largest

uncertainties in modeled snowfall estimates, yet we find that the SMB products represented here tend to agree well with

GRACE-JPL during the majority of the year. The largest discrepancies with GRACE-JPL occur during the summer months,30

which also happens to be when the discrepancies between the SMB forcing products are the largest. Such results suggest that

SMB errors may contribute to model uncertainty in the Southeast, and RCM estimates of runoff for both the ice sheet and

periphery glaciers may not be accurately captured. This may particularly be the case in Mascon 266 (Fig. 10), where the steep
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terrain creates a very narrow ablation zone that is difficult to capture at the resolution of the SMB forcing. In contrast with the

other Southeast mascons, Mascon 266 exhibits poor agreement in annual amplitude. In this mascon, we find that a consistent

annual discrepancy between GRACE-JPL and the model estimates of mass loss occurs almost exclusively during the summer

months (Fig. 10), suggesting that a seasonal phenomenon may be responsible for mass loss in this region. It is important to

note that observational evidence indicates that glaciers in this region are characterized by a slowdown during the summer, not5

acceleration. In addition, there is little evidence of an overall background dynamic acceleration after 2005 (Moon et al., 2014).

Therefore, we find that the most likely contributor to seasonal discrepancies in these Southeast glaciers is common runoff error

in all of the SMB forcing products utilized in this study.

In this region, there is also evidence that, in agreement with recent publications, (e.g., Csatho et al., 2014; Khan et al., 2014;

Moon et al., 2012, 2014; Velicogna et al., 2014), temporally varying processes (not captured by the ice sheet model) play a role10

by altering ice discharge. For instance, mass balance within the Helheim and Ikativaq region (Mascon 213) is well captured

by the model overall, but it is clear that GRACE-JPL and the models differ in trend between 2005 and 2006 and then again

in 2010 (Fig. S12). This discrepancy is consistent with observations of high velocities in Helheim in 2005, followed by a

slowdown, and then acceleration in Ikativaq in 2009 and Helheim in 2010 (Joughin et al., 2008; Moon et al., 2012; Khan et al.,

2014; Csatho et al., 2014). Similarly, a well-documented shift in ice discharge is captured by GRACE-JPL at Kangerdlugssuaq15

Glacier (Mascon 167) in 2005 (Fig. S12). Observational evidence suggests that such changes in sensitive tidewater glaciers

are strongly coupled to calving events and the position of the glacier terminus, especially during periods of rapid advancement

during the spring and early summer (Joughin et al., 2008). This is consistent with the behavior of the mean GRACE-JPL

seasonal signal in most of the Southeast mascons (i.e. 167/168, 213, and 214), which appear to have a much noisier signal

during the spring than is simulated by the models (Fig. 10), including single months of high mass loss. These results suggest20

that the GRACE-JPL solution is capable of capturing monthly-scale changes in ice discharge within large outlet glaciers, and

therefore it may be possible to quantify dynamic mass loss by removing the ISSM-GrIS+P from the GRACE-JPL signal.

However, it is clear that with regards to the seasonal cycle, where model results fall within the GRACE-JPL error bars, we

cannot confidently distinguish between errors in SMB and high-frequency (monthly-scale) changes in ice discharge. This is

the case in many of the mascons, particularly in the Southeast, with the exception of Mascon 266 where (as discussed above)25

we can confidently conclude that SMB is a significant contributor to the disagreement between trends in GRACE-JPL and

ISSM-GrIS+P. Overall, in the Southeast, discrepancies are likely caused by a combination of errors including lack of ocean

forcing, poor bedrock, inadequate mesh representation of the smaller and steeper glaciers in ISSM, as well as uncertainty in

SMB forcing due to the steep terrain and narrow ablation zone.

7.3 Northeast30

In the Northeast, we find overall good agreement between the models and GRACE-JPL in both amplitude and trend (Figs. 4, 5,

8, and 9). The Northeast Greenland Ice Stream (Mascon 59) is well captured in trend, though we find that the annual amplitude

of the GRACE-JPL signal is highly muted, particularly during the summer. Such a discrepancy could be caused by common

mode errors in the SMB forcing, but the match in trend suggests that unmodeled hydrological processes may be responsible for
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this discrepancy (e.g. storage and delayed release of runoff) (Willis et al., 2015). Reconciling these results with observations

of ice elevation (i.e. altimetry measurements), when available at a monthly to seasonal temporal resolution, could shed light on

the key processes responsible for continued mass loss in this area.

7.4 Southwest

In the SMB-dominated Southwest region, our results also capture signals that may be related to temporal changes in ice5

discharge, despite the fact that most of the glaciers are land-terminating and the position of the glacier termini are not affected

by ice-ocean interaction (Khan et al., 2015). Specifically, we find that in this region, the relationship between SMB and mass

change is not consistent through time. For instance, the model and GRACE-JPL disagree for Mascons 212 and 265 between

2005 and 2010, but then agree well for the remainder of the simulation (Fig. S10). In contrast, Mascon 165 (i.e. Jakobshavn

Isbræ) has good agreement between the model and GRACE-JPL at the beginning of the simulation, but the signals begin to10

disagree around 2008 (Fig. S10). In fact, the mass loss in Jakobshavn Isbræ appears to be accelerating through time. These

results are consistent with published observations of minor speedups in velocity for Jakobshavn Isbræ beginning in 2008,

as well as a general velocity decrease in the Southwest between 2005 and 2010 (Moon et al., 2012; Tedstone et al., 2015)

(corresponding to Mascons 212 and 265). The SMB in this area is well validated (i.e. K-transect), and annual amplitudes agree

well. Therefore, it is likely that temporal variability in ice discharge, driven by processes not modeled here, contributes to the15

disagreement in trend between GRACE-JPL and the model estimates of mass loss. The monthly-scale variations in regional

mass loss evidenced in the GRACE-JPL seasonal cycle (Fig. 8) is most likely driven by changes in ice discharge within the

few, but active, marine-terminating glaciers in the region, including the effects of hydrology and ice-ocean interaction (calving

events/position of glacier terminus) (Holland et al., 2008). It is clear that over the course of just a decade, consistent ice flow

response to these types of climate-driven forcing can ultimately perturb regional mass trends, even in the regions where mass20

loss appears to be dominated by SMB.

7.5 Interior

Though the majority of the GRACE-JPL interior mascons exhibit possible background dynamic thickening, it is difficult to

explicitly quantify the effects of millennial-scale forcing within all interior mascons, as trends are not consistent throughout

the 10-year study period, and the GRACE-JPL signals in the interior are strongly convolved with large inter-annual variability.25

For instance, in Southern Greenland, observed thickening is often attributed to the downward displacement of less viscous

ice from the last glacial period with more viscous Holocene ice (Reeh, 1985; Huybrechts, 1994; Colgan et al., 2015). Due

to the placement of the GRACE-JPL mascons, only one interior mascon (Mascon 166), is located within this region. While

we do detect a positive difference in trend between the GRACE-JPL and the models in this mascon (Fig. 4 and Fig. S9), we

cannot confidently conclude that a dynamic thickening is responsible for the discrepancy. Indeed, we would expect millennial-30

scale dynamics to contribute a relatively constant perturbation in trend over the study period, but we find this to be the case

only within the Northeast interior (Fig. S9; Mascons 58 and 88). Here, the background dynamic thickening signal is likely

a millennial-scale response resulting from ice deceleration, recently attributed to a modern-day decrease in accumulation
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in comparison to the average Holocene accumulation rates (MacGregor et al., 2016). We estimate that within the Northeast

(Mascons 58 and 88) this thickening is occuring at a rate of about 2.5 cm/yr, which is consistent with other observationally-

based estimates (Krabill et al., 2000; Paterson and Reeh, 2001).

In general, for the interior we find periodic disagreement between GRACE-JPL and models, outside of the assessed un-

certainty (Fig. 3b). One possible explanation (besides dynamic processes not captured in ISSM) is that the RCMs - which5

are commonly forced by ERA-I and agree well in the interior - are not capturing stochastic accumulation events that occur

during roughly the same time every year. However, evidence suggests that this is not the case; in particular, analysis reveals

that the MAR3.5.2 product forced with NCEP/NCAR Reanalysis 1 (Kalnay et al., 1996) exhibits similar temporal variability

(not shown) and annual amplitude (Fig. S14A) to the ERA-I SMB products considered here. A more likely explanation is that

the discrepancy is caused by a combination of unmodeled dynamic thickening, and noise in a locally small signal in GRACE-10

JPL coupled with modest leakage errors from neighboring coastal mascons with much stronger signals (not considered in

our GRACE uncertainty analysis). If so, these results indicate that mass signals in the high altitude interior of Greenland are

sufficiently small enough to push the limits of GRACE utility for model evaluation, both temporally and spatially. The use of

GRACE in this area is additionally complicated by a GIA correction that is significant in comparison to the magnitude of the

GRACE signal. We expect that advances in GRACE mascon processing, GIA modeling, and progressions in RCM estimates15

of SMB (including improved validation in the interior using satellite data and data from a growing network of in-situ stations,

and the diversification of RCM forcing products) may, in the near future, help clarify these discrepancies.

7.6 Model Assessment

It is important to acknowledge that upon relaxing the model using a historical period of mass balance neutrality, the spin-up

procedure adopted for this study assumes that the Greenland Ice Sheet was in near steady-state during the recent past. More20

specifically, we relax the model to a virtual steady-state, using a mean climate forcing from the 1979-1988 period - a period

in which the rate of ice sheet mass loss was negligible compared to the mass loss captured by GRACE during the last decade.

We adopt this procedure in order to remove spurious transients from the model that may manifest due to mismatched input

including: bedrock and ice surface elevation maps, surface ice velocities, and SMB. After relaxation, ISSM-GrIS discharge is

nearly equal to the mean SMB forcing, and resultant perturbations to ice thickness or velocity that occur in the forward model25

are solely in response to anomalies in the transient SMB forcing starting in 1840.

We acknowledge that these assumptions may result in differences between modeled and observed ice thicknesses (Fig. S3),

and in turn may cause the model to exhibit second-order deviations in ice velocities. This is especially the case considering

that - even though the SMB products have been validated against observations - these observations are sparse, and all SMB

products are associated with systematic errors that may impact spinup and propagate into the simulation. However, it is clear30

that in the absence of a long-term model spin-up (on the order of thousands of years), the assumption of steady-state is adequate

for short term (annual-to-decadal scale) simulations. Indeed, we find that our results are fairly insensitive to the SMB product

chosen as forcing during relaxation (Figs. S14B and S15B). These results suggests that - on the temporal and spatial scales

considered here - background trends in mass balance (that occur in response to paleo-climate forcing) may play a minor role in
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dictating present-day evolution of Greenland MB when compared to SMB anomalies and seasonal-to-annual scale variations

in ice velocities (Csatho et al., 2014). In the marginal mascons, with the exception of the Northwest (Mascon 123), significant

background trends (which would manifest as continued mass loss during the months of accumulation in the seasonal cycle,

i.e. Figs. 8-11) are not detectable outside of our assessed uncertainty. In addition, since the the regions that are currently in

the strongest imbalance are also affected by seasonal- to annual-scale variability in ice discharge, we cannot quantify the5

magnitude of the background trends in dynamics in these areas. In the interior, where we find that the SMB models agree well,

the comparison presented here offers an opportunity to quantify background dynamic trends, despite the complexities in the

variability of the GRACE-JPL signal discussed above. In particular, we observe that the interior has gained mass throughout

study period, in agreement with other observations (Fig. 3B) (Krabill et al., 2000; Paterson and Reeh, 2001; Csatho et al., 2014;

MacGregor et al., 2016).10

Though it is clear that SMB accounts for the majority of Greenland mass balance, our results indicate that consistent intra-

annual variations, not explained by SMB, can accumulate over time and contribute significant regional trends in mass balance.

These variations are likely driven by the evolution of the hydrological system and ice-ocean interactions, which are believe to

be responsible for monthly-scale perturbations in ice velocity in major outlet glaciers in Greenland (e.g., Csatho et al., 2014;

Khan et al., 2014; Moon et al., 2012, 2014). Continued advancement in physically-based model representations of these pro-15

cesses promise to improve ice sheet model skill for decadal-scale simulations. Such model improvements are difficult, because

these processes are not well understood and are associated with large uncertainties. However, in order for the glaciological

community to take full advantage of the array of new observational products that are available (and will be made available)

for model evaluation in the near future, it is essential that simulations consider how such temporally evolving processes affect

the variability and overall trend in Greenland MB. The future success of Greenland ice sheet model simulations, including20

hindcasts as well as future projections of ice sheet mass balance and sea level change, will require high confidence in SMB

forcing and accurate representations of processes that vary on intra-annual to seasonal timescales.

8 Conclusions

In a mascon-by-mascon comparison of model estimates of Greenland Ice Sheet mass with the GRACE-JPL mascon solution,

we investigate the differences between average trends and seasonal amplitudes. Model estimates are based on the mean output25

of three ISSM-GrIS simulations from 2003-2012, each forced with a different RCM-based SMB product. Overall, the largest

discrepancies between GRACE-JPL and the model-based estimates of mass balance are located in the Northwest and Southeast.

In the Northwest, though we find that the seasonal amplitudes agree well between the two products, it is clear that the models

vastly underestimate the regional mass trends captured by GRACE-JPL. This result suggests that changes in ice discharge, not

captured by ISSM-GrIS, are largely responsible for the considerable discrepancy; and, that the glaciers in the Northwest coast30

of Greenland are strongly out of balance. In the Southeast, large error bars prevent us from differentiating which factors are

most responsible for differences in trend, but results suggest that it is likely a combination of processes that alter ice discharge

at a relatively high (monthly) temporal frequency (and are not currently represented by the ice sheet model) and errors in SMB
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forcing (dominated by discrepancies in summer surface runoff and uncertainties along the periphery). Inaccuracies in this area

are rooted in the coarse spatial resolutions of the ISSM-GrIS and the RCMs, as the regional terrain is steep, complex, and

difficult for models to resolve. In the high-altitude interior of Greenland, the mass signal is dominated by snow accumulation.

Here, we find evidence of background dynamic thickening, particularly in the Northeast, albeit the utility of using GRACE

data for model validation in this region remains challenging due to the level of noise present in GRACE relative to the small5

signal size. In the other marginal regions of the ice sheet (i.e. the Southwest and Northeast), we find strong agreement in both

amplitude and trend, suggesting (in agreement with recent publications), that mass balance is dominated by SMB in these

areas. By and large, we find that SMB is a significant source of mass variability over the majority of the ice sheet. Future

improvements in RCM resolution, snowpack models for tundra regions, and simulation of climate over the peripheral glaciers

and ice caps will be essential for future comparisons and validation against seasonal-scale mascon-style GRACE products.10

Overall, throughout the simulation period, we find ISSM-GrIS responds to the SMB forcing (dominated by increases in

surface runoff) with marginal thinning. This thinning is accompanied by increases in interior velocity, dampening of the annual

mass balance signal, and overall reduction of ice discharge. While over longer periods the ice sheet response to changes

in SMB may contribute more significantly to ice sheet MB, over the observational period analyzed in this study we find

that such responses are minor in comparison to the direct contribution from the SMB forcing itself. In many cases, we find15

that errors in SMB forcing may be directly responsible for differences between the models and GRACE-JPL, especially in

the periphery, however temporally-varying processes missing from the ice sheet model - including the effects of supra- and

en- glacial hydrology, ice-ocean interactions, and calving events - are also known to affect ice discharge on intra-annual

timescales. Therefore we consider these processes to be strong candidates for those that may be responsible for the high-

frequency discrepancies exposed in this study. Future progress in observing these processes (including increased spatial and20

temporal resolution) and future improvements in the physical modeling of their effects on ice sheet flow, will be necessary

to confidently partition Greenland MB into its key attributes. Such advancements promise to improve the skill of physically-

based ice sheet models, as accurate estimates of Greenland MB may require consideration of processes that occur on high

(monthly-to-seasonal) temporal resolutions.

9 Appendix25

1 Description of the BOX reconstruction

BOX (Box, 2013) is based on calibration of observational data to regional climate model (RCM) output, in this case RACMO2.3

(van Meijgaard et al., 2008; Ettema et al., 2009; van den Broeke et al., 2009; van Angelen et al., 2011). The calibration for

temperature (T) and SMB components is based on a 53-year overlap period (1960-2012). Note that the overlap period for the

calibration of snow accumulation rate is shorter, since ice core data availability drops after 1999. Calibration is made using30

linear regression coefficients for 5 km grid cells that match the average of the reconstruction to RACMO2.3. The RACMO2.3

output are resampled and reprojected from the native 0.1 deg (∼10 km) grid to a 5 km grid better resolving areas where sharp

gradients occur, especially near the ice margin where mass fluxes are largest.
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To create the BOX SMB forcing used here, several refinements are made to the Box (2013) T and SMB reconstruction.

Multiple station records now contribute to the near surface air temperature for each given year, month and grid cell in the

domain, while in Box (2013) data from the single highest correlating station yielded the reconstructed value. The estimation

of values is made for a domain that includes land, sea, and ice, which is an expansion to the Box (2013) product that estimates

T over ice only. A physically-based meltwater retention scheme (Pfeffer et al., 1990, 1991) replaces the simpler approach used5

by Box (2013). The RACMO2.3 output have a higher native resolution of 11 km as compared to the 24 km Polar MM5 output

used by Box (2013) for air temperatures. In addition, the revised SMB product ends two years later, in year 2012. The annual

accumulation rates from ice cores are dispersed into a monthly temporal resolution by weighting the monthly fraction of the

annual total for each grid cell in the domain evaluated using 1960-2012 RACMO2.3 output.

2 Methods for defining peripheral SMB10

For this study, we define peripheral ice as isolated permanent ice that exists outside of the ISSM Greenland domain (see Fig.

1). A land-ice-ocean mask accompanies all the SMB products considered here. The masks differ for each product; therefore

we must interpret them independently, with reference to the specific mask defined for a particular product. For BOX, valid

peripheral ice SMB fall within mask values ranging from greater than 0 and less than or equal to 1. For MAR, valid SMB

values fall within the mask values ranging from greater than 1 and less than or equal to 2. For RACMO, valid SMB values fall15

within the mask ’IceSheetMask’ values ranging from greater than 0.5 and less than or equal to 1. The 5-11 km resolution of

the products, in many cases, do not properly represent the aerial extent or the topographical features of the peripheral ice. In

order to better capture the SMB within these complex areas and to more easily compare their mass balance estimates, we use

the 150 m gridded GIMP Digital Elevation Model (DEM) (Howat et al., 2014; Morlighem et al., 2014b) to, separately for each

mascon, determine a hypsometric curve for the areas masked by Gardner et al. (2013) as peripheral ice. The curve is binned20

at every 150 m of surface elevation. For every month, and for each mascon, we plot the SMB of each product separately as

a function of elevation, and fit a curve (Gardner et al., 2013). Only SMB values over peripheral ice are considered in these

curves. Mascons with similar climates are combined in order to refine the fit. The resulting curve is used to determine the mean

SMB value within each elevation bin. Finally, the SMB value within each bin is multiplied by the area of each elevation band,

and the results for all elevation bands are summed as the total SMB mass contribution for a particular month.25

For determining snow load outside of areas of permanent ice, we define peripheral tundra as area masked as land on Green-

land or Ellesmere Island, within our Greenland mascons (see Fig. 1). Once again, because the product masks differ, we must

consider each mask independently. For BOX, valid peripheral tundra falls within mask values greater than 1 and less than 2.

For MAR, valid peripheral tundra falls within mask values greater than 0 and less than 2. For RACMO, valid peripheral tundra

falls within ’IceSheetMask’ values greater than or equal to 0 and less than 1 and ’LandSeaMask’ values greater than 0 and less30

than or equal to 1. On all grid points that contain only fractional areas of tundra, the snow load is scaled to the percentage of

the grid point covered by only land.
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3 Calculations of Uncertainty in GRACE-JPL

To define the uncertainty in each mascon estimate provided by GRACE-JPL, we use the formal posteriori covariance matrix

from the gravity field inversion. Typically, the formal covariance matrix is regarded to provide an optimistic estimate of uncer-

tainties, as it is uninformed of certain error sources that affect the GRACE-JPL mass estimates, such as temporal aliasing errors.

We find that this is the case for ocean and land-hydrology regions of the world for which apriori information is derived from5

geophysical models: the posteriori covariance matrix is too optimistic and must be scaled up to accurately reflect uncertainty.

However, for ice-covered regions, such as Greenland, the apriori information is derived from a bootstrapping methodology

from which the magnitude of the K-band range-rate data residuals dictate the spatial variations in the apriori covariance ma-

trix, and the magnitude of these terms is purposefully left large, to be conservative. As such, we find the resulting posteriori

covariance matrix to give an adequate estimate of uncertainty in each mascon. This hypothesis was tested by using spatial10

variance information from the MAR SMB model to derive an apriori covariance matrix that was used to constrain the GRACE-

JPL solution, and analyzing how this impacted the results. Differences in this MAR-constrained solution vs. the relatively

unconstrained solution presented here are captured by the formal errors. Furthermore, the posteriori covariance matrix shows

adjacent mascons to have small correlations (∼0.2) with each other. As such, we assume all mascons to be uncorrelated with

their neighbors. A comparison to ICESat altimetry data (Csatho et al., 2014) validates this assumption (Fig. S4).15

Leakage errors are considered explicitly by evaluating the expected accuracy of the CRI filter used to separate land and ocean

mass components of mascons that lie on coastlines. Simulation results show the CRI filter is effective in reducing leakage errors

by greater than 50% globally. Thus, we assume that the estimate of ocean mass for each land/ocean mascon has an error of

50%, and this error is added in a root sum of squares (RSS) to the formal covariance for each mascon.

Finally, since we are ultimately interested in surface mass variations (and as such remove solid Earth Glacial Isostatic20

Adjustment (GIA) signals using a model), the error in the GIA model must be considered. We take the 1-sigma spread of the

ensemble mean of four GIA models. The four models used include the ICE-6G_C (VM5a) model (Peltier et al., 2015), a model

by A et al. (2013) which uses ICE-5G loading history and a VM2 viscosity profile, a model using ICE-5G loading history and a

Paulson viscosity profile (Paulson et al., 2007), and a model by Simpson et al. (2009) which uses the Huy1 (Huybrechts, 2002)

ice load history and an independently derived viscosity profile. Using this approach, we derive a GIA uncertainty for the entire25

Greenland Ice Sheet of ±15 Gt/yr, which matches closely with what is reported in Velicogna and Wahr (2013). The derived

uncertainty in GIA is added to the RSS of the formal covariance and leakage error discussed above to arrive at an estimate

of uncertainty in surface mass variations for each mascon. Note that in all figures, we show the GRACE-JPL uncertainty

increasing linearly with time. This is directly due to uncertainty in the GIA model. Typical GRACE-JPL uncertainty curves are

not presented in this fashion; however, since we are trying to compare directly surface mass variations, and identify regions30

that diverge outside of uncertainties, we present the error in GRACE-derived surface mass as one that grows linearly with time.
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4 Details of ISSM spinup and forward simulation

For this study, we compare model-based monthly mass balance estimates of the Greenland Ice Sheet with the GRACE-JPL

observational timeseries, on a mascon-by-mascon basis. The model estimates consist of ISSM Greenland simulations forced

with RCM-based SMB. To spin up ISSM Greenland, we have used numerical techniques (e.g. assimilation of observations) to

capture key features of the present-day ice sheet, including topography and surface velocities; however such a procedure and5

associated assumptions do have limitations (Sect. 3.2). To aid in assessment of our relaxation procedure, we plot the difference

in velocity (Fig. S2B) and in ice thicknesses (Fig. S3B) between ISSM Greenland, and observed values (Rignot and Mouginot,

2012; Morlighem et al., 2014b), after relaxation. With respect to model velocities, it is clear that along the margins, model

velocities are generally slower than observed (Fig. S2B), especially in large outlet glaciers, including Jakobshavn Isbræ, Peter-

mann Glacier, and the outlets of the Northeast Greenland Ice Stream. The smaller fast-flowing outlet glaciers on the Northwest10

coast also have velocities lower than observed, while in the Southeast, marginal ice speeds are greater than observed. With

respect to ice thickness, we find that to reach a near steady-state, the model thins in the Northern interior and thickens in the

Southern interior.

To illustrate how the ice sheet model responds to the historical SMB forcing, we include plots of the change in mean yearly

ice velocity from 2003 to 2012 (Fig. S6A) and the change in ice thicknesses from 2003 to 2012 (Fig. S6B). With respect to15

ice velocities, the Southeast glaciers which were generally faster than observed after relaxation, continuously slow down over

the ten years of simulation (Figs. S2B and S6A). We find that in general throughout the study period, modeled ice velocities

along the margins are slowing, while interior ice velocities are accelerating. Accompanying these velocity changes are general

thinning along the margins and minor thinning in the interior (Fig. S6B). Overall, the model thickness changes are dominated

by marginal thinning (Fig. S6B) and are driven strongly by a decrease in SMB during the GRACE period (Fig. 2). For instance,20

we plot the difference between the ISSM thickness changes during the study period and the SMB contribution to thickness

changes in Fig. S7A. We find that along the margins, and especially along the Southeast coast, where the model velocities are

continuously slowing down over the ten years of simulation (Fig. S6A), the model contributes to ice thickening. In the interior,

where velocities increase during the study period, the model contributes to thinning (Fig. S7A).
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Figures
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Figure 1. Greenland Ice Sheet observed surface velocities (Rignot and Mouginot, 2012), peripheral tundra (beige), and peripheral permanent ice (green) (Gardner et al., 2013).

GRACE-JPL mascons are outlined in light gray and numbered for reference. Marginal (Interior) mascons that contribute to total Greenland Ice Sheet mass balance are outlined in

dark gray (black).
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Figure 2. Timeseries of total ice sheet mass resulting from the Greenland ice sheet model historical spinup (solid red), compared to a control run of constant SMB climatological

forcing, SMB (dashed red). For the historical simulation, ISSM is forced with monthly surface mass balance forcing from 1840-2012 (Box, 2013). Monthly ice sheet total SMB

forcing is plotted in light gray, and yearly total SMB is presented in dark gray.

Figure 3. Cumulative mass from 2003-2012 for (A) all of Greenland and (B) the Greenland Interior, comparing observations from GRACE (GRACE-JPL) with model output:

model simulation of the Greenland Ice Sheet (ISSM-GrIS), ISSM-GrIS with mass from the periphery (ISSM-GrIS+P), and SMB anomalies over the Greenland Ice Sheet (SMB-GrIS).

For all timeseries, 1-sigma uncertainties (Sect. 5) are displayed.
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Figure 4. Spatial representation of trend in surface mass over Greenland from (A) GRACE-JPL, (B) ISSM-GrIS+P, and (C) the difference between GRACE-JPL and ISSM-

GrIS+P.

Figure 5. Spatial representation of annual amplitude of surface mass over Greenland from (A) GRACE-JPL, (B) ISSM-GrIS+P, and (C) the difference between GRACE-JPL and

ISSM-GrIS+P.
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Figure 6. Difference in (A) trend and (B) annual amplitude of (ISSM-GrIS - SMB-GrIS) showing that ISSM mutes both the trend and annual amplitude of surface mass relative to

what SMB anomalies would predict. A spatial representation of the difference between ISSM-GrIS and SMB-GrIS ice thickness change over the study period (plotted on the ISSM

mesh) is presented in Fig. S7.

Figure 7. Difference in (A) trend and (B) annual amplitude of (ISSM-GrIS+P - ISSM-GrIS) showing that including estimates of mass from the periphery both increases the

magnitude of the annual amplitude and the negative trend of surface mass.
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Figure 8. Southwest Greenland (top row) cumulative surface mass and (bottom row) a climatology of surface mass change comparing GRACE-JPL (black) and ISSM-GrIS+P

(red) with 1-sigma uncertainties (Sect. 5) displayed.

Figure 9. Same as Fig. 8, but for Northeast Greenland.
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Figure 10. Same as Fig. 8, but for Southeast Greenland.

Figure 11. Same as Fig. 8, but for Northwest Greenland.
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GRACE-JPL - 284±19 RACMO2.3 MAR3.5.2 BOX

SMB-GrIS -160±11 -150 -171 -158

ISSM-GrIS -146±5 -140 -150 -149

ISSM-GrIS+P -183±29 -155 -213 -180

ISSM contribution to trend 14±6 10 21 10

Periphery contribution to trend -37±25 -14 -63 -32

Table 1. In the right three columns are the cumulative mass trends (Gt/yr) for anomalies in the individual RCM SMB products (SMB-GrIS), ISSM forced with each individual

RCM SMB product (ISSM-GrIS), and ISSM-GrIS plus cumulative mass estimates for the ice sheet periphery (ISSM-GrIS+P). Presented in the left column are the mean cumulative

mass trend and trend uncertainty calculated for the timeseries presented in Fig. 3A. Also reported for each of these columns are the total ISSM contribution to the ISSM-GrIS+P

trend (difference between SMB-GrIS and ISSM-GrIS) and the total Periphery contribution to the ISSM-GrIS+P trend (the sum of SMB calculated over peripheral permanent ice

defined in Fig. 1). Along with the trends, 1-sigma uncertainties (Sect. 5) are displayed.
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❆ ❇

Figure S1. The ISSM Greenland mesh for (A) the entire ice sheet and (B) the northwest margin.
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Figure S2. (A) Modeled surface velocities (m/yr), from the relaxed ISSM Greenland, on a log scale and (B) the departure of modeled surface velocities from observations

(Rignot and Mouginot, 2012).
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Figure S3. (A) Modeled ice thickness (m), from the relaxed ISSM Greenland and (B) the departure of modeled thicknesses from observationally-based data (Morlighem et al.,

2014b).
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Figure S4. Spatial representation of trend in surface mass from 2003-2009 as estimated from (A) GRACE-JPL and (B) ICESat altimetry (Csatho et al., 2014), and (C) the

difference: GRACE-JPL - ICESat.
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Figure S5. Cumulative mass from 2003-2012 for (A) all of Greenland and (B) the Greenland Interior, comparing observations from GRACE (GRACE-JPL), with model outputs:

ISSM over the Greenland Ice Sheet (ISSM-GrIS), SMB anomalies over the Greenland Ice Sheet (SMB-GrIS), ISSM-GrIS with mass from the periphery (ISSM-GrIS+P), and

ISSM-GrIS+P for each individual SMB forcing (ISSM-GrIS+P MAR, ISSM-GrIS+P RACMO, ISSM-GrIS+P BOX).
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❉ ❉

Figure S6. (A) Change in modeled mean annual surface velocities (m/yr) and (B) change in model ice thicknesses (m) during the 10-year ISSM simulation period (2003-2012).

Model output is presented as the mean of three different ISSM simulation runs (ISSM-GrIS BOX, ISSM-GrIS MAR, and ISSM-GrIS RACMO).
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Figure S7. (A) Total dynamic thickness change (difference between the cumulative mass contribution from the SMB forcing anomalies and the total thickness change) simulated

by ISSM Greenland (2003-2012); (B) change in surface slope during the simulation; and (C) change in the magnitude of the driving stress over the same period. Model output is

presented as the mean of three different ISSM simulation runs (ISSM-GrIS MAR, ISSM-GrIS RACMO, and ISSM-GrIS BOX).
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Figure S8. Spatial representation of trend in surface mass for the Greenland periphery as estimated from (A) RACMO, (B) BOX, and (C) MAR.
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Figure S9. Interior mascons, total cumulative mass timeseries for GRACE-JPL, SMB-GrIS, and ISSM-GrIS (including the mean and results from the individual simulations of

ISSM-GrIS MAR, ISSM-GrIS RACMO, and ISSM-GrIS BOX). Also included is the residual between GRACE-JPL and ISSM-GrIS (green).
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Figure S10. Southwest mascons, total cumulative mass timeseries for GRACE-JPL, SMB-GrIS, ISSM-GrIS (including the mean and results from the individual simulations of

ISSM-GrIS MAR, ISSM-GrIS RACMO, and ISSM-GrIS BOX), and ISSM-GrIS+P. Also included is the residual between GRACE-JPL and ISSM-GrIS+P (green).
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Figure S11. Same as Fig. S10 but for Northeast mascons.
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Figure S12. Same as Fig. S10 but for Southeast mascons.
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Figure S13. Same as Fig. S10 but for Northwest mascons.
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Figure S14. Spatial representation of differences in mean annual amplitude from 2003-2012 between various combinations of model spinup and the ISSM-GrIS MAR3.5.2

presented in the manuscript (i.e. MAR3.5.2 forced by ERA-I reanalysis and BOX SMB used as the reference relaxation climatology, SMB). Comparison runs include: (A) ISSM-

GrIS MAR3.5.2, where MAR3.5.2 is forced with NCEP1 reanalysis; (B) ISSM-GrIS MAR3.5.2, where MAR3.5.2 SMB is used for SMB; and (C) ISSM-GrIS MAR2.0, where

MAR2.0 SMB (forced with ERA-I reanalysis) is used for SMB. Results are less sensitive to variations in RCM forcing (A) and choice of spinup product (B) than to RCM version

(C).

Figure S15. Spatial representation of differences in mass trend from 2003-2012 between various combinations of model spinup and the ISSM-GrIS MAR3.5.2 presented in the

manuscript (i.e. MAR3.5.2 forced by ERA-I reanalysis and BOX SMB used as the reference relaxation climatology, SMB). Comparison runs include: (A) ISSM-GrIS MAR3.5.2,

where MAR3.5.2 is forced with NCEP1 reanalysis; (B) ISSM-GrIS MAR3.5.2, where MAR3.5.2 SMB is used for SMB; and (C) ISSM-GrIS MAR2.0, where MAR2.0 SMB

(forced with ERA-I reanalysis) is used for SMB. Results are less sensitive to choice of spinup product (B) than to variations in RCM forcing (A) or to RCM version (C).
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