The Cryosphere, 15, 4539-4556, 2021
https://doi.org/10.5194/tc-15-4539-2021

© Author(s) 2021. This work is distributed under
the Creative Commons Attribution 4.0 License.

The Cryosphere

Modeling the Greenland englacial stratigraphy

Andreas Born'? and Alexander Robinson>*>

'Department of Earth Science, University of Bergen, Bergen, Norway

2Bjerknes Centre for Climate Research, Bergen, Norway

3Complutense University of Madrid, Dept. of Earth Science and Astrophysics, Madrid, Spain

Hnstituto de Geociencias, CSIC-UCM, Madrid, Spain

Potsdam Institute for Climate Impact Research, Potsdam, Germany

Correspondence: Andreas Born (andreas.born@uib.no)

Received: 6 December 2020 — Discussion started: 17 December 2020
Revised: 16 August 2021 — Accepted: 24 August 2021 — Published: 28 September 2021

Abstract. Radar reflections from the interior of the Green-
land ice sheet contain a comprehensive archive of past ac-
cumulation rates, ice dynamics, and basal melting. Combin-
ing these data with dynamic ice sheet models may greatly
aid model calibration, improve past and future sea level esti-
mates, and enable insights into past ice sheet dynamics that
neither models nor data could achieve alone. Unfortunately,
simulating the continental-scale ice sheet stratigraphy repre-
sents a major challenge for current ice sheet models. In this
study, we present the first three-dimensional ice sheet model
that explicitly simulates the Greenland englacial stratigra-
phy. Individual layers of accumulation are represented on a
grid whose vertical axis is time so that they do not exchange
mass with each other as the flow of ice deforms them. This
isochronal advection scheme does not influence the ice dy-
namics and only requires modest input data from a host ther-
momechanical ice sheet model, making it easy to transfer to
a range of models. Using an ensemble of simulations, we
show that direct comparison with the dated radiostratigra-
phy data yields notably more accurate results than calibrat-
ing simulations based on total ice thickness. We show that
the isochronal scheme produces a more reliable simulation
of the englacial age profile than traditional age tracers. The
interpretation of ice dynamics at different times is possible
but limited by uncertainties in the upper and lower bound-
ary conditions, namely temporal variations in surface mass
balance and basal friction.

1 Introduction

Summarizing the history of oceanography, Wunsch (2007)
describes how the complicated retrieval of observations in
the pioneering period caused the field to take on a “geologi-
cal flavor”. The necessity to combine data from expeditions
spanning various decades painted the picture of a largely in-
variable ocean with constant strata of water mass properties.
Later, advances in measurement techniques, most notably the
advent of space-borne remote sensing, forced a revision of
this view, and it is now widely accepted that the ocean is
capable of even abrupt dynamic changes in which the verti-
cal stratification often plays a pivotal role (e.g., Li and Born,
2019). The glacial flow of land ice may be less prone to
changing quite as rapidly as the ocean, but the scarcity of
data from the ice sheet’s interior until recently mirrored that
of early oceanography. In this case, air-borne remote sensing
provided a first comprehensive dataset using radar soundings
(MacGregor et al., 2015b), and it was shown that the struc-
ture of this radiostratigraphy also contains information about
ice dynamics and how it has changed over time (MacGregor
etal., 2016).

Modeling techniques must accompany this progress. The
analysis of dynamic signals in the new radiostratigraphy
dataset relied on a steady-state model of ice dynamics pub-
lished 40 years prior (Whillans, 1976), predating the de-
velopment of all thermomechanical ice sheet models. The
spatially comprehensive simulation of englacial layers could
help us to select where to drill ice cores in dynamically active
regions (EGRIP), to find intact stratigraphy near the glacier
bed (Fischer et al., 2013), to reconstruct past accumulation
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rates by decomposing dynamic thinning from the deposi-
tional signal (Waddington et al., 2007), or to determine the
origin and age of outcrops near the margins (Higgins et al.,
2015). Not least would models greatly benefit from calibra-
tion and validation with the new wealth of observational con-
straints.

Previous efforts to simulate the englacial layering and age
profiles in three-dimensional ice sheet models include Eu-
lerian age tracers (Greve, 1997), Lagrangian particle track-
ing (Rybak and Huybrechts, 2003), and semi-Lagrangian
tracer advection schemes (Tarasov and Peltier, 2003). The
accuracy of Eulerian tracer advection is severely reduced
by spurious diffusion in finite-difference numerical schemes,
and fully Lagrangian methods suffer from low particle den-
sities in the most interesting region near the glacier bed.
Semi-Lagrangian schemes have seen some success in sim-
ulating the three-dimensional stratigraphy of the Greenland
ice sheet (GrIS) (Clarke et al., 2005; Lhomme et al., 2005;
Goelles et al., 2014). More recent work proposed a fourth
approach by simulating layers of equal age, isochrones, ex-
plicitly (Born, 2017). Here, the vertical grid is no longer de-
fined in space as, for example, on terrain-following coordi-
nates but in time representing individual periods of accumu-
lation. Over time, isochronal layers will thin as ice flows to-
ward the margins, which allows younger layers to subside,
but no flow crosses the vertical boundaries of the grid.

Here we generalize the isochronal modeling approach by
addressing its shortcoming and applying it to the entire GrIS.
In the formulation by Born (2017), the isochronal model is
a stand-alone ice sheet model that calculates all of its prop-
erties on the very finely layered isochronal grid. This greatly
increases the computational cost with only marginal bene-
fit because most variables such as temperature and veloc-
ity do not vary over such small vertical scales. As a con-
sequence, the original isochronal model only covered a two-
dimensional section through the GrIS. In this study we will
decouple the calculation of the isochrone thickness from the
model physics. Information on ice flow is now obtained from
the comprehensive thermomechanical model Yelmo (Robin-
son et al., 2020). This strategy resembles that of Clarke et al.
(2005), in which the isochrone model becomes a tracer trans-
port scheme coupled to a conventional model of ice dynam-
ics. One of the major advantages is that the new modularity
allows for easy coupling with other ice sheet models.

After a detailed description of the model and experimen-
tal setup in Sect. 2, we will show how the simulation of
isochrones can be used to constrain an ensemble of transient
simulations of the last 160 000 years (160 kyr) in Sect. 3. In-
dividual model parameters, in particular those controlling ac-
cumulation at different times during the simulation, create
spatially complex patterns of isochrone depth that also dif-
fer on the various isochronal surfaces. These additional con-
straints result in a simulation that is notably different from
one that only considers the present-day ice thickness as a tun-
ing target. Comparison of the isochronal tracer scheme with a
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second-order Eulerian age tracer scheme highlights the short-
comings of the latter. We discuss our results and conclude in
Sect. 4, as well as outline future applications.

2 Methods
2.1 The ice sheet model Yelmo

Yelmo is a hybrid ice sheet model which heuristically sums
the shallow-ice and shallow-shelf approximations (SIAs and
SSAs, respectively) to obtain the ice velocity at a given lo-
cation (Bueler and Brown, 2009). It is thermomechanically
coupled, and it employs Glen’s flow law with an exponent of
n = 3. The model has been run at a horizontal resolution of
32 km with 20 vertical layers. Additional details of the model
can be found elsewhere (Robinson et al., 2020); however here
we will describe the key model properties that are relevant to
this study.

2.1.1 Basal friction

Basal friction at the ice—bed interface is represented with a
linear friction law,

Tp :ﬂub, (1)

with basal velocity up and coefficient
p=2n. @)

Here, cp is a unitless two-dimensional field representing
the basal properties under the ice, ug = 100 m/a is a scaling
constant, and N = pgH is the effective pressure of the ice,
disregarding potential contributions from pressurized sub-
glacial drainage systems. N thus evolves with the ice sheet,
modifying friction over time, while ¢y and u( remain fixed.
As will be described below cy, is optimized to reduce the mis-
match of modeled and observed ice thickness in the present
day.

2.1.2 Enhancement factor

Empirical flow laws of ice sheet models are commonly mod-
ified with an enhancement factor, E, reflecting changing ice
softness depending on flow regime and background climatic
conditions (Paterson, 1991; Ma et al., 2010). E evolves in
space and time. Slow flow of grounded ice driven by ver-
tical shearing, mainly near the domes, is enhanced due to
single-maximum direction fabric growth. In ice streams and
ice shelves, preferred directions in the ice fabric are reduced,
making the ice stiffer (Ma et al., 2010). Glacial-age ice in
vertical-shear regimes has also been observed to be softer
than interglacial-age ice due to a higher concentration of im-
purities that hinder crystal growth, which further enhances
flow in these regions (Paterson, 1991).
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To simulate this in a straightforward way, we consider the
enhancement factor as a three-dimensional field defined by
two contributions: the reference enhancement factor as de-
fined by the flow regime (Erf) and additional enhancement
resulting from the evolution of the ice sheet in time (E):

E = EE;. 3)

To calculate Er.f, we use three parameters which define
the enhancement factor for purely shearing, streaming, and
floating regimes (Eshy, Esym, and Egg, respectively). In the
case of floating ice, it is assumed that no shearing occurs,
and so E.f = Eq here. For grounded ice, first the fraction
of the effective strain rate attributed to vertical shearing is
calculated as

22 22

<8XZ + 8yZ>
fr= @)
€
where &x, and &y, are the shear-strain components of the
strain rate tensor, and ¢ is the effective strain rate. Note that
fz 1s a three-dimensional diagnosed field. The reference en-
hancement factor for grounded ice is then calculated as the
weighted mean between the shear and stream parameter val-

ues:
Erer = szshr + (1 - fz) Esym. (5)

We set Egm = 1.0 and Eg = 0.7 following Ma et al.
(2010), while Eg, is kept as a free parameter for the model
evaluation.

Meanwhile, E; is set to 1 for floating ice and ice streams,
representing stiffer ice in these regions as explained above.
Ice streams are defined in this context as grounded ice with
a velocity magnitude greater than 100 myr~". For grounded
ice flowing at speeds below this threshold, E; is treated as a
conservative tracer. The surface boundary condition varies in
time and is prescribed as

Ei(z=12z) = OleEglac + (I — o) Eint, (6)

where Eine and Eglac represent the prescribed interglacial
and glacial enhancement factors, and «, is the glacial in-
dex shown in Fig. 1. E; is defined relative to Erf in that we
set Eine = 1 and leave Egj,c as a free parameter. E thus acts
as an amplifier to Ef. The three-dimensional conservative
enhancement factor tracer E; is determined using a second-
order, upwind Eulerian tracer scheme.

The resulting enhancement factor field reflects our expec-
tations based on observations. Floating and streaming ice
regimes are relatively stiff, while ice in shearing regimes is
softer when it is glacial-age ice and undergoing strong shear.

2.1.3 Eulerian age tracer scheme

Yelmo includes an age-tracer advection module that makes
use of the three-dimensional Eulerian grid defined by the
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model. The model actually traces the deposition time at the
surface of the ice sheet (upper boundary condition), from
which the age can be deduced. At the ice sheet base (lower
boundary condition), a flux condition is imposed when basal
melting is present, while basal freezing is ignored. The three-
dimensional advection equation is solved via an explicit
second-order, upwind scheme (Robinson et al., 2020). The
scheme has been validated for an analytical one-dimensional
vertical column test case with low age errors at the base on
the order of 1%. A more comprehensive comparison with
validated results for a three-dimensional test case has not
been performed until now. Thus, while the main focus of this
paper is based on the use of the independent isochronal layer
tracking scheme (see Sect. 2.4 below), the Eulerian ages are
also output so that the two approaches can be compared.

2.2 Paleoclimate boundary conditions and surface
mass balance

The climate is calculated following a classical snapshot
method, in which the present-day climate (PD) and that of the
last glacial maximum (LGM) are known (e.g., Greve et al.,
1999; Marshall et al., 2000). The climatic forcing for other
times is an interpolation of the two snapshots with weighting
following a glacial index. The near-surface air temperature
field T is thus calculated as

T = Tpd + o (Tigm - Tpre) s (7)

where T,q is the present-day climatology obtained from a re-
gional climate model simulation, Tigm and Tpe are results
from climate model simulations of the LGM and preindus-
trial period, respectively, and o« is the glacial climate index
shown in Fig. 1. Precipitation is calculated analogously,

P
P =Py (Oéc |: I:gm — 1:| + 1) + apA Phol, ()

pre

although the anomaly scaling is applied as a ratio rather
than a sum to avoid negative values. An additional index, ap
(Fig. 1c¢), is used to impose a spatially constant precipita-
tion anomaly only during the Holocene using the parameter
A Pyo. This term adds a degree of freedom to the precipita-
tion, which represents atmospheric changes not captured by
the available snapshots. The temperature precipitation fields
are additionally scaled to be consistent with the dynamic ice
sheet topography via a fixed lapse rate of —6.5 Kkm™!.

The glacial climate index ¢ used here is a hybrid of sev-
eral reconstructions of the Greenland temperature anomaly
that span the time period of interest (Vinther et al., 2009;
Barker et al., 2011; Dahl-Jensen et al., 2013; Kindler et al.,
2014). The individual reconstructions are scaled to match
temperature anomalies reconstructed for the NGRIP ice core
(Kindler et al., 2014), and then a low-pass filter is applied
to remove climate variability at timescales under 10 kyr. Fi-
nally, the time series is normalized to give o (PD) =0 and
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o (LGM) = 1. The glacial index is applied to monthly cli-
mate data. Figures 2 and 3 show the mean annual near-
surface air temperature and precipitation for PD and LGM.
The PD snapshot was obtained as the 1981-2010 climatic
average of a simulation of the regional climate model MAR
(Fettweis et al., 2008, 2017) forced at the boundaries by the
ECMWF ERA-Interim reanalysis (Dee et al., 2011). In the
case of temperature, the LGM snapshot is the ensemble mean
of simulations contributed to the Paleoclimate Modelling
Intercomparison Project Phase III (PMIP3) from several
participating models (CCSM4, CNRM-CM5, FGOALS-G2,
GISS-E2-R, IPSL-CM5A-LR, MIROC-ESM, MPI-ESM-P,
MRI-CGCM3) (Abe-Ouchi et al., 2015). Given the large un-
certainty associated with precipitation, we sample the mean
131gm and standard deviation o p of the PMIP3 simulations to
obtain the LGM precipitation snapshot for a given simulation
as

Pigm = Plgm + figMm O, 9

where figMm is a free parameter used to scale the uncertainty
around the mean. The mean and standard deviation of the
LGM precipitation fields are shown in Fig. 3.

Once the monthly temperature and precipitation fields are
known for a given time, the surface mass balance is calcu-
lated using the positive degree day (PDD) method (Reeh,
1991). Temperatures above the freezing point are converted
into melting of snow and ice via the parameters S and S,
respectively. Here f; =7mmK~'d~!, and f§; is kept as a
free parameter. The ice surface temperature is calculated
as Ty = min (Tpnn + 0.02661m4, 273.15K), where Ty, is the
mean annual near-surface air temperature, and i, is the net
melt rate at the surface. 7z, = 0myr~! when no melting oc-
curs or all melt is refrozen in the snowpack.

Marine-shelf melting is calculated following previous
work (Tabone et al., 2018), with the basal mass balance of
floating ice calculated as

bhit = bref — k ATy (10)

Here byer = —10myr~! is a spatially constant shelf basal

mass balance representing the PD rate, and « is a heat-
flux coefficient that translates oceanic temperature anoma-
lies into basal melting. Values of x = 10myr~'K~! and
x = 1myr ' K~! are used for shelf ice near the grounding
line and the broader shelf, respectively. The oceanic tem-
perature anomaly relative to PD, ATgy, is calculated as a
fraction of the atmospheric temperature anomaly: ATgpr =
0.25 (T — Tpd) (Golledge et al., 2015); Bshlf is limited to neg-
ative values (i.e., melting) to prevent unrealistic rates of ice
accretion during cold climates.

At the lower boundary, the geothermal heat flux Qge, is
imposed with a spatially constant value. It too is a free pa-
rameter. Isostatic rebound is calculated dynamically using an
elastic lithosphere relaxing asthenosphere (ELRA) isostasy
model with a spatially constant time constant set to 3 ka (Ritz
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Figure 1. Forcing applied to the simulations. (a) Global sea-level
anomaly relative to present day. (b) Glacial indices derived from
reconstructed paleo-temperature anomalies over Greenland. The
glacial climate index is used to interpolate between the LGM cli-
mate snapshot and the present-day climate. The glacial enhance-
ment index is used to interpolate between the imposed enhance-
ment factor for ice during glacial periods and interglacial peri-
ods. (¢) Holocene precipitation anomaly index scales the imposed
A Ppo) parameter in time to ensure the maximum Holocene precip-
itation anomaly occurs during the mid-Holocene optimum.

etal., 1997). Sea level is spatially constant and varies in time
following the global glacial cycle simulation of Ganopolski
and Calov (2011) (Fig. 1).

2.3 Spin-up

The spin-up procedure consists of two steps: a tempera-
ture spin-up and optimization of the basal friction coefficient
field. First, the ice sheet is simulated under constant LGM cli-
matic conditions for 20 kyr using the SIA ice dynamics solver
alone, which is mainly intended to spin-up the ice tempera-
ture field. Next, the ice sheet is run for another 10 kyr with
the full hybrid ice dynamics active. The ¢y, field used here
initially has been tuned to give good results in ice thickness
for a steady-state present-day simulation. By the end of this
30kyr spin-up, the ice sheet extends to near the continental
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Figure 2. Climate snapshots. Near-surface mean annual air tem-
perature field imposed for present-day (a) and LGM (b) condi-
tions. Present-day data are from a regional climate model simulation
(MAR v3.9), averaged over the period 1981-2010. LGM tempera-
tures are the PMIP3 average.

shelf break, in good agreement with the reconstructed LGM
ice extent (Lecavalier et al., 2014).

Second, transient simulations from the LGM to PD are
performed iteratively, with the basal friction field ¢, modi-
fied at each iteration to improve the simulated present-day
ice thickness following Pollard and DeConto (2012). When
the simulation reaches PD, the ice thickness error is calcu-
lated (Herr = Hgim — Hobs)- For each grid point, we then use
the upstream He; to calculate a tuning factor:

Her
Hy’

&= an
where Hy = 1000m is a scaling parameter controlling the
magnitude of changes to ¢y, for a given iteration. For a given
location, He is defined as the velocity-weighted average of
the upstream values in both lateral dimensions. Also, we limit
g € (—1.5,1.5) in order to avoid scaling ¢}, too rapidly for
large values of H.r. The tuning factor is then used to modify
the local basal friction coefficient as

o™ =10"% ¢, (12)

where the indices n and n + 1 indicate the current and next
iteration. Thus, a positive bias in upstream ice thickness Herr
results in a reduction of the basal friction coefficient 8, which
in turn leads to a lower basal velocity for the same basal shear
stress (Eq. 2). Once the ¢y, for the next iteration has been cal-
culated, the model state is reset to the LGM spin-up, and the
transient simulation is repeated. We performed 10 iterations,
after which the error in simulated PD tends not to reduce
further, and the cy, solution is rather stable. The above proce-
dure results in a reasonable internal temperature distribution
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in the ice sheet that is consistent with the optimized basal
friction configuration. This spin-up procedure is applied to
each model version in the ensemble method described below.

2.4 The isochronal layer tracing scheme

The tracing of isochronals is based on Born (2017). Key to
the successful simulation of the isochronal surfaces is a verti-
cal grid that is defined in time, not space, to avoid vertical ad-
vection across grid interfaces and therefore eliminate numer-
ical diffusion. The spacing of this isochronal grid is arbitrary
and can in principle be variable, but here we use a constant
resolution of 200 years. This means that the domain is vir-
tually empty at the beginning of a simulation, aside from 10
initialization layers. They are inconsequential for the analysis
below as they can be regarded as older than 160 kyr and be-
come very thin in the present day. Over the course of the sim-
ulation, one additional layer of ice is added every 200 years
until the grid is full at the end of the simulation period. Thus,
at the end of the simulation, the isochronal grid contains a
total of 810 layers. The horizontal grid of the layer tracing
scheme is the same as in Yelmo.

A major difference from the original implementation is
that the calculation of the ice physics and all boundary con-
ditions are now being handled by Yelmo. The host model
provides the two horizontal velocity components, the total
ice thickness, and the mass fluxes at the ice surface and the
bed to the tracer scheme at every tracer time step, At = Syr
(Fig. 4). These relatively modest requirements make it in
principle possible to replace Yelmo with virtually any three-
dimensional ice sheet model. The ice velocities are vertically
interpolated to the isochronal grid using the vertically inte-
grated layer thicknesses of the latter as reference. This can
be done safely with a simple linear interpolation scheme be-
cause velocities vary smoothly in the vertical dimension. In-
side the isochronal layer scheme, layer thickness is a passive
tracer variable that is advected using an implicit upstream
scheme and the interpolated velocities. Advection is strictly
two-dimensional within each isochrone so that mass is never
exchanged along the vertical axis of the isochronal grid. In
summary, the isochronal scheme defines depositional age as
the grid and layer thickness as an advected property, which
is exactly the opposite from Eulerian age tracers that have a
grid defined in space and age as a tracer. Our approach there-
fore eliminates numerical diffusion on the important vertical
axis by design.

While interpolation and advection are performed at the
Yelmo time step, mass fluxes at the upper and lower bound-
aries are applied to the tracer scheme at the temporal res-
olution of the isochronal grid. Between these times, Yelmo
mass fluxes are integrated to a temporary buffer. Where the
cumulative surface mass balance of the previous 200 years
is positive, it defines the thickness of a new layer. Where the
mass balance is negative, at the surface and the bed, the ap-
propriate amount is removed from the existing layers. The
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Figure 3. Climate snapshots. Mean annual present-day (a) and LGM (b) precipitation snapshots, along with the uncertainty in the LGM pre-
cipitation (c). Present-day climate is the 1981-2010 average from the regional climate model (MARv3.9). LGM precipitation and uncertainty
are the mean and standard deviation of model results contributed to the PMIP3 database.

newly added layer has a thickness of zero in regions of nega-
tive mass balance so that older layers naturally outcrop at the
surface near the margins. Empty layers below the one that at
the current simulation time is the youngest can only be filled
by lateral advection within each isochrone even if the local
mass balance turns positive.

The less-frequent application of mass fluxes on the
isochronal grid causes small discrepancies in the total ice
thickness. This effect is very small but with a tendency to-
ward either consistently positive or negative anomalies in
certain regions, so it may accumulate over time. To coun-
teract drifting and ensure continuous consistency between
Yelmo and the simulated isochrones, we finalize the time step
with a normalization to the Yelmo ice thickness.

2.5 Ensemble design

An ensemble of 300 simulations were performed to inves-
tigate the impact of model and experimental choices on the
simulation of isochronal layers. Each simulation consists of
the spin-up and ¢}, optimization procedure described above,
followed by simulations of the ice sheet from 160 kyr ago to
PD with fully transient boundary conditions. Four model pa-
rameters — the PDD factor for snow S, the geothermal heat
flux Qgeo, and the flow enhancement factors for shearing Egp,
and glacial ice Egjsc — and two boundary-forcing parameters
— the Holocene precipitation anomaly A Py, and the glacial
precipitation anomaly figm — were perturbed using a Latin
hypercube sampling approach.

3 Results
The skill of the ensemble simulations is quantified by the root

mean square error (RMSE) of the ice thickness and the depth
of four key isochrones below the surface. The age of these
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Figure 4. One time step of the layer tracing scheme. Input fields
provided by Yelmo are highlighted in blue.

selected isochrones was chosen by the authors of the orig-
inal dataset (MacGregor et al., 2015a), and their dating is
based on a combination of ice core data, in which they inter-
sect radar reflections, as well as the quasi-Nye method. The
isochrone data and their uncertainty were then interpolated to
the horizontal Yelmo grid. Data uncertainty is not taken into
consideration when calculating the RMSE, but this is usually
small compared to the data—model mismatch.
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In addition to evaluating the ice surface and isochrone
depths individually, we also calculate the RMSE across all
five evaluation surfaces together as a metric of overall simu-
lation quality. It should be noted that because of the incom-
plete spatial coverage of the englacial data, ice thickness has
a relatively higher weight in the combined RMSE. About
39 % of all points in the combined RMSE are part of the
ice thickness field, nearly double of what may be assumed
based on it being one of five fields. Only the region with an
ice thickness of more than 1000 m is considered to avoid con-
tamination from areas near the ice margin where Yelmo can-
not adequately resolve the topography and ice dynamics due
its relatively coarse resolution (black contour, Fig. 5).

The presentation of the results is structured to provide a
qualitative overview by discussing two examples from the
ensemble in Sect. 3.1, followed by a detailed discussion of
the full ensemble in Sect. 3.2. The two example simulations
are the one with the lowest RMSE for the ice thickness,
BEST;c., and the one with the best skill for the combined
RMSE of all five surfaces taken together, BEST,y, to illus-
trate the benefits of including englacial data.

3.1 Simulation of isochrone depth

The simulated ice thickness and isochrone depths are in
qualitatively good agreement with observations in both
BEST;.. and BESTyy, but closer inspection reveals impor-
tant differences. BESTj¢. agrees with the observations of ice
thickness within a few tens of meters but also shows large
disagreements in the depth of the isochronal surfaces (Fig. 5).
The contrary is true for BEST,; (Fig. 6). The anomaly pat-
tern of ice thickness of both simulations shows the expected
deviations near the ice margin and a mostly homogeneous
pattern in the ice sheet interior which do not point to any sys-
tematic bias. The anomalies in isochrone depths do show a
more detailed pattern of positive and negative anomalies in
BEST,y. The positive anomaly in the northwest is visible in
all four isochrones and may indicate too much accumulation
in the simulation, a too rapid ice flow in this region that in-
cludes the ice divide, or both. Similarly, the negative anomaly
in the northeast may be interpreted as too little accumulation
or a dynamic bias in the model potentially associated with
the Northeast Greenland Ice Stream.

A section through the summit confirms that BESTjc. more
closely captures the correct ice thickness but that the
englacial stratigraphy is in worse agreement with observa-
tions than in BESTy,y (Fig. 7). However, looking at the abso-
lute elevation of the isochrones instead of their depth below
the surface, it is clear that the relatively good agreement in
isochrone depth in BEST, is largely due to an underesti-
mated ice thickness. This is an interesting result because it
suggests that future improvements should focus on the early
part of the simulation. We also observe that despite these
shortcomings, BEST,y is among the best simulations in sim-
ulating the total ice thickness, while BESTjce shows a low
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Figure 5. Ice thickness and isochrone depth for the simulation
BEST;¢., observations, and the respective differences. Top left
panel shows the 1 km ice thickness contour and selected ice core lo-
cations from north to south: NEEM, EGRIP, NGRIP, Summit, and
Dye-3.

skill in the combined RMSE (Fig. 8). Similarly, the four sim-
ulations with the best results for the individual isochrones
(indeed four different ones) have reasonably low values for
the RMSE of total ice thickness. In contrast to this, the sim-
ulation with the best ice thickness performs poorly in all
isochrone depths.
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Figure 6. Like Fig. 5, but for simulation BEST;.

3.2 Sensitivity to tuning parameters

Not all of the six tuning parameters contribute equally to
the ensemble spread (Fig. 8). The Holocene precipitation
anomaly A Py appears to have the largest impact in terms
of RMSE for all evaluation surfaces, followed by the scaling
factor of the glacial precipitation anomaly figm. The opti-
mal ice thickness is simulated with relatively high values for
A Pyo, but high Holocene precipitation deteriorates the sim-
ulated depth of the isochrones. This appears to be the primary
reason behind the large differences between BESTj.. and
BEST,;. Lower values of A P also worsen the RMSE of
isochrone depth, so the optimal value overall is close to
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Figure 7. Section through the summit, showing ice surface and
bedrock topographies (bold lines), and isochrones (thin lines), each
for observations (black), BESTj.. (green), and BESTy (blue).
Isochrones alternate between solid and dashed line styles to improve
visibility. Diagonal lines connect corresponding isochrones for the
simulations and observations. Reconstruction data for the 115ka
isochrone is not available at this location. Shading is the uncertainty
in the observations. Note that distances between isochrones on the
elevation scale shown here are not directly comparable to differ-
ences in the depth below the surface shown in Figs. 5 and 6.

0 myr_l. All isochrones respond similarly to A Py, because
the anomalous precipitation increases their depth similarly.
The clear minimum of RMSE in the middle of the parameter
range suggests that it was chosen appropriately, although the
use of a constant offset for all locations has its shortcomings
as will be discussed below.

The scaling of the glacial precipitation uncertainty
fiem has the strongest impact on the 57 and 115ka
isochrone depths in that both benefit from lower values.
The same tendency, albeit weaker, is visible for the 29 ka
isochrone depth. The reduced importance is probably due to
the relatively short period during which the anomalous pre-
cipitation can impact this isochrone. Glacial precipitation has
only negligible influence on the 11.7 ka isochrone depth and
the total ice thickness. This is to be expected because glacial
ice makes up a rather small portion of the total ice thickness.

The influence of the PDD melt factor for snow S is mostly
limited to the 115 ka isochrone because the preceding period,
the last interglacial, is the only time when significant melting
occurs in the region above 1000 m. The geothermal heat flux
Qgeo and the two enhancement factors Egspy and Eglac have
only minor effects. One possible explanation is that these
three parameters are most important for ice dynamics that
primarily take place near the bed and the ice margins. The
deliberate exclusion of the margins but more importantly the
very limited coverage of observational data for the deeper
isochrones may bias the results to regions where dynamic
thinning is least pronounced. In addition, the basal friction
optimization may counteract the effects of changing the dy-
namic parameters because it is carried out for every com-
bination individually. Lastly, the relatively strong impact of
the precipitation parameters A Py and fi.gm can potentially
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dominate and therefore mask the effects of the other param-
eters.

The relatively low sensitivity of some of the parameters
and the large scatter around the trend lines mean that sev-
eral simulations across the parameter range produce RMSEs
that are comparable to BESTj.. and BESTy). As a corol-
lary to this finding, although these two sets of parameters
produce the optimal results in our ensemble, the parameters
themselves are not incontrovertibly optimal (Fig. 9). The best
10 % of simulations agree well on A Py and fi.gm but oth-
erwise span a large part of the tested parameters range.

Additional information can be obtained from the verti-
cal distance between isochrones, not just their depth below
the surface (Fig. 10). APy does not have a direct effect
on these differences, and so they allow inferences on the
dynamic response. A higher Holocene precipitation gener-
ally has a slight positive effect, in particular on the deepest
isochrones, suggesting that they benefit from stronger dy-
namic thinning. Interestingly, all isochrones agree that a high
value for A Py, would be detrimental to their simulated depth
below the surface (Fig. 8). We therefore conclude that the
imperfect thickness of the layer between the 115 and 57 ka
isochrones is due to an unrelated model bias such as an unre-
alistic surface mass balance (SMB) during that time interval
or shortcomings in the simulated dynamics. A Ppo may par-
tially counteract these by enhancing dynamic thinning but at
the risk of inadvertently combining two errors into one seem-
ingly correct outcome. A similar conclusion can be drawn
from the decrease in RMSE of the 115-57 ka difference with
higher figm. However, the thickness of the 29—11.7 ka layer,
which is directly impacted by the change in glacial precipi-
tation, clearly favors a small value for this parameter.

The RMSE does not provide information on the sign or the
spatial pattern of the disagreements. To address this, we also
analyze composites for how the evaluation surfaces depend
on the high and low values of A Py, and frgm. A full dis-
cussion is found in Appendix A, but we summarize the main
findings here. Even precipitation rates near the upper end of
the tested range are barely enough to achieve a sufficiently
thick ice sheet. The depth of the internal layers clearly shows
the effect of this direct thickening for both A P, and figMm,
as well as the dynamic thinning of additional accumulation.
The thinning effect is secondary and therefore only visible
in layers that do not receive more mass. This also applies
to layers that accumulate after the precipitation anomaly,
as is clearly seen in the notable shallowing of the 11.7ka
isochrone with high values of f; gm. The high accumulation
before 11.7ka creates a thicker ice sheet with steeper sur-
face gradients. We find that the precipitation anomalies that
result from A Pho and figm are not well suited to improve
upon the data—model mismatch found in the ensemble aver-
age. However, comparison with reconstructed data may be a
way of addressing this issue in future studies.
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3.3 Simulated depth profiles, ice volume, and
comparison with Eulerian age tracer

While most of the above analysis concerned a spatially com-
prehensive view of only four isochronal surfaces, the high
resolution of our model in the temporal domain allows for
a different and complementary analysis using the full age
profile at certain locations to constrain model performance
(Fig. 11).

All locations show progressive thinning toward the bed,
which is more pronounced for regions of high accumulation,
as expected. Ice is too young in most of the ensemble simula-
tions probably due to excessive accumulation, in particular at
the more southerly locations of Dye-3 and Summit. A less se-
vere mismatch is found for NGRIP, and the simulations agree
much better with the reconstructed age profile at NEEM and
EGRIP. The most plausible explanation for the difference in
simulation quality between north and south is deficiencies in
the surface mass balance due to the uncertain climate of the
past or the relatively simple parameterization of mass bal-
ance used here. However, it is conceivable that the lack of
observational isochrone data in the south accentuates these
issues or adds to them. For example, the better coverage of
radiostratigraphy data in the north biases the PDD melt factor
Bs toward this region and its climatic conditions, which likely
is a poor choice for the climatically very different south. A
similar effect is possible for the parameters that control ice
dynamics that may be different for the fast-flowing ice of the
south.

BESTjce has much younger ice everywhere in the ice col-
umn due to its unrealistically high accumulation during the
Holocene and glacial period. BEST,y achieves a good sim-
ulation of the age profiles at NEEM and EGRIP, including
periods of rapid age increase around 29 ka and between 60
and 70ka that agree well with the radiostratigraphy data at
the EGRIP site and less so at NEEM.

Comparison of the Eulerian age tracer with the age pro-
file simulated by the isochronal tracing scheme in the same
simulation BEST,y; (Fig. 11, dashed and solid blue, respec-
tively) shows a clear disagreement, although the two diag-
nostics should ideally be identical because they simulate the
same variable in the same simulation using two different
methods. We observe that the Eulerian tracer data generally
show a weaker curvature and almost invariably older ages,
and they do not capture the variations in accumulation on
shorter timescales, all of which indicate that it is subject to
numerical diffusion in the vertical dimension. In the Eule-
rian age tracer old ages diffuse upward. The isochronal layer
tracing scheme circumvents this problem by eliminating flow
across layer boundaries and by using a numerically much less
complex implementation that only requires advection in the
two horizontal dimensions.

The spurious bias toward older ice with the Eulerian
scheme has a noticeable effect on model behavior when the
calibration is based on its results (Fig. 11, orange). Here
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Figure 8. RMSE of ice thickness and isochrone depth for the six tuning parameters. The bottom row shows the RMSE of all isochrones and
the total ice thickness together. Individual simulations are marked with gray dots, and large crosses mark the location of the best simulation
for each metric as indicated on the left. Smaller crosses of the same color mark the location of the same simulations in the other metrics. A

black line illustrates a second order polynomial fit.

we show the ages calculated with the isochronal scheme
but derived from output of a simulation using parameters
chosen to optimize the quality of fit for isochrones gener-
ated with the Eulerian age tracer. Note that this is a differ-
ent simulation from the one shown in blue (BEST,j;) which
uses parameters that optimize the fit for isochrones generated
by the isochronal scheme. To counteract the upward diffu-
sion of older ages, higher values for Holocene precipitation,
A Pyol, may seem advantageous (Fig. 9, orange). Following
the same explanation, less glacial precipitation and so lower
values of figm are necessary to obtain a good match with
the reconstructed stratigraphy. Consequently, the simulation
with the lowest RMSE based on the Eulerian age tracer pro-
duces an ice sheet whose true ages, according to the more
accurate isochronal scheme, are younger than observations
(Fig. 11, orange). The other ensemble parameters are less
well constrained both for the isochronal and the Eulerian age
schemes, and differences are negligible.

The tendency toward higher Holocene and lower glacial
precipitation in the Eulerian-calibrated simulation is also ev-
ident in the total simulated ice volume (Fig. 12). Simulations
BESTjc.e and BEST,;; show a similar ice volume for most

The Cryosphere, 15, 4539-4556, 2021

of the simulation period, with notable exceptions in the rel-
atively warm Holocene and Eemian. This suggests that the
type of calibration has a significant impact on model sensitiv-
ity. The simulated ice volume of all simulations is low when
compared to earlier reconstructions (e.g., Lecavalier et al.,
2014). This is the result of relatively low basal friction in the
marine sectors surrounding Greenland and the use of a hybrid
ice sheet model, which leads to thinner grounded ice on the
continental shelf. Previous ice volume estimates were based
on SIA models that generally simulate thicker ice when con-
strained with the same ice extent. More recent simulations
using hybrid models have shown lower volumes on the or-
der of those shown here to be equally possible (Tabone et al.,
2018; Buizert et al., 2018). Regardless of this open question,
the ice thickness on the continental shelf is of negligible con-
sequence for our comparison with the observed isochrones
because they are far inland and not directly influenced by the
remote ice margin during the glacial period.
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Figure 9. Parameter range for the top 10 % of simulations for the
ice thickness metric (green), the combined RMSE (blue), and the
combined RMSE based on the Eulerian age tracer (orange). Simula-
tions BESTjce, BESTy;, and the corresponding optimal simulation
for the Eulerian age tracer are highlighted with dots.

4 Discussion and conclusions

Our results show that including englacial layers provides use-
ful constraints for the simulation of the GrIS. Simulations
that only agree with the modern ice surface topography may
produce a very unrealistic ice stratigraphy, suggesting that
this calibration objective is too narrow. Given necessary limi-
tations in our model and ensemble design, such as a relatively
coarse resolution and a small set of free model parameters,
an optimal agreement with both the total ice thickness and
isochrone depth appears mutually exclusive. However, sim-
ulations that were selected because of their good agreement
with the observed isochrone depth show a reasonable simu-
lation of ice thickness, while the opposite is not true. Simu-
lations that are optimized to match the ice thickness require
unrealistically high precipitation histories, resulting in erro-
neous layer ages. These precipitation histories can be ruled
out when constraining model parameters with both thickness
and layer age.

We find that where ice thickness is above 1000 m uncer-
tainty in surface mass balance has a far greater and more
consistent impact on isochrone depth than uncertainty in ice
flow parameters. This result may also be influenced by our
model’s limited ability to simulate the fast ice flow in narrow
fjords and near the margins, as well as the poor coverage of
isochrone reconstructions in these regions. In addition, the
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impact of different ice-dynamics parameters is reduced by
the optimization procedure for basal friction. However, accu-
mulation directly controls the thickness of isochronal layers,
and so it is not surprising that its uncertainty leads to a broad
range of simulated isochronal depths.

The simulation of past climates and the calculation of sur-
face mass balance are major sources of uncertainty (van de
Berg et al., 2011; Merz et al., 2014a, b, 2016; Plach et al.,
2018, 2019) that may be addressed by analyzing the mis-
match of simulated and observed isochrone depths. The spa-
tial patterns of these mismatches suggest possible improve-
ments in the distribution of precipitation and melting, in
theory at the high temporal resolution of the reconstructed
isochrones. Our ensemble of simulations used a spatially
uniform Holocene precipitation anomaly and a glacial pre-
cipitation anomaly based on differences between global cli-
mate model simulations. In addition, we used a simple PDD
scheme that calculates SMB from air temperature and total
precipitation using empirical proportionality factors. We ar-
gue that these choices are justified a priori because their im-
pact could not yet be quantified. The low optimal value for
A Py may be interpreted such that the optimal uniform pre-
cipitation anomaly for the Holocene is none at all, but a spa-
tial pattern may nonetheless improve the simulation.

Further work is needed to constrain how parameters im-
pact the flow of ice. In addition to limitations of our spe-
cific model, such as its relatively coarse resolution and an
assumed significant influence of the basal sliding optimiza-
tion, we lack a coherent treatment of ambiguous results. As
one example, enhanced dynamic thinning appears to im-
prove the simulation of the distance between the 115 and
57 ka isochrones. The results show that this can be achieved
with higher values of Qgeo, warming the ice from below and
thereby lowering its viscosity, or with higher values of A Py).
Higher accumulation during the last approximately 10kyr
does not directly change the 115-57 ka distance. However, a
high A Py contradicts the findings from the previously dis-
cussed analysis of the total isochrone burial depth, and future
work should address how to reconcile these results objec-
tively.

Overcoming this current limitation and the possibility to
use the explicit forward modeling of isochrones and layer fit-
ting in dynamic regions of the GrIS have the potential to cap-
ture spatial and temporal heterogeneity in the basal bound-
ary condition. Possible targets are better constraints on the
dynamic impact of basal melting (Fahnestock et al., 2001)
and shear margins (Holschuh et al., 2019). Since depositional
age has to increase monotonically in the present form of our
model, it would be difficult to investigate basal freeze-on and
plume formation (Leysinger Vieli et al., 2018), and it is cur-
rently impossible to simulate overturning folds (Bons et al.,
2019; Wolovick and Creyts, 2016).

Although our isochronal layer tracing scheme adds signif-
icant computational cost to the existing thermomechanical
ice sheet model, this is mainly due to the much larger num-
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Figure 10. Like Fig. 8, but for differences between isochrones. Note the different scale on the vertical axis.
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Figure 11. Age profiles of selected ice core locations (see Fig. 5 for map). The curves show radiostratigraphy data (black), BEST;.. (green),
BEST,); (blue), and the Eulerian age tracer of BESTy); (dashed blue). The orange curve shows the simulation that produces optimal results
for all evaluation surfaces but based on the Eulerian age tracer. The shaded areas are the 10 % best simulations in the combined RMSE, as in

Fig. 9.

ber of layers. The flow of mass within isochrones uses an
Eulerian scheme that is nearly identical to that of the host
model. The higher number of layers and, importantly, pre-
venting flow across vertical grid boundaries result in a no-
tably more reliable simulation of isochrones than using an
age tracer on the relatively coarse numerical grid of the host
model Yelmo, as shown by our comparison of the two meth-
ods within the same simulation. This result is consistent with
previous studies (Rybak and Huybrechts, 2003). As a con-
sequence of the dissimilar simulation, the optimal parame-
ters for BEST,; and the simulation that best matches all five
evaluation surfaces based on the Eulerian age tracer are very
different for the accumulation parameters A Ppo and figMm.
This leads to notable differences in the simulated ice vol-

The Cryosphere, 15, 4539-4556, 2021

ume and sensitivity to climate change. However, the other
four parameters are only weakly constrained in both meth-
ods, and so both can be used to exclude the most extreme
parameter values. We argue that faced with large uncertain-
ties in boundary conditions, even the less precise Eulerian
tracer is sufficiently accurate to provide results better than
with no constraint at all, at least for younger isochrones that
are less affected by numerical diffusion. Compared to La-
grangian or semi-Lagrangian tracer advection schemes, our
method avoids costly interpolation or low particle densities.
It is possible to use an uneven spacing of the isochronal grid
to concentrate computational cost on key periods of interest.

In summary, the isochronal modeling framework offers
a significant step forward in evaluating and calibrating ice
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Figure 12. Volume of the Greenland ice sheet as simulated by
BEST;c. (green), BESTy; (blue), the 10 % best simulations in the
combined RMSE (shading), and the simulation with the lowest
combined RMSE based on the Eulerian age tracer (orange). Ver-
tical lines highlight the age of the calibration isochrones.

sheet models. The method used here is not exclusive to the
Yelmo model and can, due to its modest requirements from
the host model, readily be adapted to most existing ice sheet
models. It is also possible to run the isochronal layer scheme
independently from the host model if the necessary fields of
ice velocity, mass fluxes, and ice thickness are available at a
suitable temporal resolution. We believe that the direct com-
parison of ice sheet models with one of the best and most
comprehensive glaciological archives holds great potential
for both future model development and the interpretation of
radiostratigraphy data. Large regions of the GrIS, with the
important exception of outlet glaciers, will benefit from a bet-
ter simulation of the SMB because large uncertainties there
in accumulation eclipse the impact of dynamics. We plan to
use a much more reliable SMB scheme in the future (Born
et al., 2019; Fettweis et al., 2020; Zolles and Born, 2021),
but these simulations would still depend on uncertain past
climates. Here, the isochronal model offers an alternative that
is independent from climate simulations. By comparing the
simulated isochrones with their observed counterparts, infor-
mation about past accumulation rates can in principle be de-
rived using inverse modeling (e.g., Waddington et al., 2007;
Nielsen et al., 2015). Lastly, future work would greatly bene-
fit from better coverage of the dated radiostratigraphy record
in dynamically more active southern Greenland.
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Appendix A

Composites of ensemble members with high and low values
of the parameter range are shown for the two most sensitive
parameters, A Ppo and f1.gwMm, for the five evaluation surfaces
and differences between them (Figs. Al and A2). Both fig-
ures are separated into a comparison of the composites with
the ensemble average to better understand the sensitivity of
the evaluation surfaces to the parameters (left) and with ob-
servations (right).

Although high values of A Py, make the GrIS thicker,
the simulated ice thickness is always below the observed
value. The comparison of the high A Py, composite with
the ensemble average shows that the increase in precipita-
tion has its largest impact in the northern part of the ice
sheet. Because this region is the driest, the constant offset of
A Py makes the largest relative difference here. As a conse-
quence, isochrone depths show the largest anomalies in the
northern and northeastern part like well when compared with
the ensemble average.

Comparison of the isochrone depth with observations
shows that all isochrones are too deep for the high
A Pyl composite and too shallow for the low A Py com-
posite, indicating that the parameter range was chosen ade-
quately. The anomalies of the low A Py, composite with re-
spect to observations have a distinct shape over the north and
along the northeastern half of the GrIS. This was also seen
in the comparison of the low composite with the ensemble
average, but no equivalent is found when comparing the high
composite with the observations. This result indicates a non-
linear response to anomalous Holocene precipitation proba-
bly due to the flow of ice. Unfortunately, isochrone data from
the south are sparse and do not contribute to constraining
A Pyo). The difference of the ensemble average and observa-
tions shows a pattern of both positive and negative anomalies.
This may be interpreted as shortcomings in the precipitation
data that were used to force the simulations. The comparison
with isochrone data could provide a way of addressing this
issue in the future.

Regarding the vertical distance between isochrones, a
higher Holocene accumulation minimally increases the
thickness of the 29-11.7ka layer (Fig. Al) because
A Py sets in before 11.7ka (Fig. 1). The older isochrones
are all pushed closer together by enhanced dynamic thin-
ning. This effect is especially obvious with anomalously
low A Py, in which the increased isochrone differences in
the center are contrasted by a closer vertical distance at
the margins because less ice is advected there. In general,
the response of the isochrone differences is much less lin-
ear than that of their depth below the surface, as seen in
the distinct differences between the high-average and low-
average differences. The reason for this is that the distance
between isochrones that are not directly affected by changes
in Holocene accumulation are wholly due to changes in ice
dynamics that are known to be highly nonlinear. In contrast,
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the depth below the surface is a direct and linear conse-
quence of higher precipitation. The comparison of the ver-
tical isochrone distance with observations reveals a hetero-
genic pattern that does not allow for a robust interpretation at
this point.

The composite fields for fi gy show that the ice sheet be-
comes thicker with increasing precipitation during the glacial
period, but as for A Py the increase is not enough to achieve
a realistic ice thickness (Fig. A2). The thickening is also
limited to the center of the GrIS, while the thickness de-
creases around the margins. This is because the higher ac-
cumulation also increases ice flow and therefore the removal
of mass. This is especially evident from the depth of the
11.7ka isochrone that becomes noticeably shallower with
high fiom. Holocene ice that accumulates on an ice sheet
that experienced higher glacial accumulation will experience
a thicker ice sheet with steeper slopes which more efficiently
remove new ice. The older isochrones all experience the di-
rect effect of higher glacial precipitation, and their depth be-
low the surface therefore is invariably higher for larger values
of fLom. The pattern of the precipitation anomaly field can
be recognized in the isochrone depths (Fig. 3).

The difference in the low fi gm composite for 29 and 57 ka
isochrone depths and the corresponding observations show
the fingerprint of the precipitation anomaly pattern (Fig. 3).
There is a negative anomaly in the northeast, while the re-
duction in glacial precipitation is not enough to eliminate
the positive isochrone depth anomaly in northwestern Green-
land. The pre-Holocene isochrones of the high figm com-
posite are generally too deep (avg—obs), suggesting a nega-
tive fLgm as an improvement, but the imposed glacial pre-
cipitation anomaly pattern is not optimal to address spatial
heterogeneities. This suggests that this precipitation anomaly
pattern is a poor match for the unperturbed model’s short-
comings, which is not wholly unexpected because it only
represents climate model disagreement.

The vertical distance between isochrones increases with
JfLom for glacial periods, while the oldest layer, 115-57 ka,
records the dynamic thinning of the additional load overhead.
The positive and negative composites are mostly symmetric
when compared with the ensemble average. As for the com-
parison with observations, clear positive and negative anoma-
lies are found for the high and low composites, so the param-
eter range has likely been adequately chosen for this particu-
lar metric.
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Figure Al. Composite ice thickness and isochrone depth for
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Figure A2. Like Fig. Al

0.2 myr_l) values of A Py compared to the ensemble average and
observations. A thin black line marks the 1000 m surface elevation.

—1.5.

ranges of the high and low composites are 1.5 to 2 and —2 to
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Data availability. The Supplement contains a self-describing
dataset, an example python script to read it, and additional sections
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