Geosci. Model Dev., 7, 121, 2014
www.geosci-model-dev.net/7/1/2014/
doi:10.5194/gmd-7-1-2014

© Author(s) 2014. CC Attribution 3.0 License.

$$900y uadQ

RIMBAY — a multi-approximation 3D ice-dynamics model for
comprehensive applications: model description and examples

M. Thomal?, K. Grosfeld!, D. Barbil, J. Determann', S. Goellef, C. Mayer?, and F. Pattyn?

LAlfred Wegener Institute Helmholtz Center for Polar and Marine Research, Bussestrasse 24, 27570 Bremerhaven, Germany
2Bavarian Academy of Sciences, Commission for Glaciology, Alfons-Goppel-Str. 11, 80539 Munich, Germany

3Laboratoire de Glaciologie, Département des Sciences de la Terre et de I'Environnement (DSTE),

Université Libre de Bruxelles (ULB), CP 160/03, Avenue F.D. Roosevelt, 1050 Bruxelles, Belgium

Correspondence tdvl. Thoma (malte.thoma@awi.de)

Received: 30 May 2013 — Published in Geosci. Model Dev. Discuss.: 19 June 2013
Revised: 28 November 2013 — Accepted: 1 December 2013 — Published: 7 January 2014

Abstract. Glaciers and ice caps exhibit currently the largest1 Introduction

cryospheric contributions to sea level rise. Modelling the dy-

namics and mass balance of the major ice sheets is therefore

an important issue to investigate the current state and the fuAccording to the Fourth Assessment Report (AR4) of the
ture response of the cryosphere in response to changing envittergovernmental Panel on Climate Change (IPGELC,
ronmental conditions, namely global warming. This requireszoo-/) it is unequivocal, that Earth’s climate is warming since
a powerful, easy-to-use, versatile multi-approximation ice@bout 1850. This trend has been observed e.g. in rising air
dynamics model. Based on the well-known and established@nd ocean temperatures, in increased snow and ice melting,
ice sheet model of Pattyn (2003) we develop the modula@nd in a rising sea level. According to more recent publica-
multi-approximation thermomechanic ice modeMRAY ,in  tions (e.g.Church et al. 2011 Rahmstorf et a).2012) the
which we improve the original version in several aspects liketrends estimated even for the worst scenarios of the AR4
a shallow ice—shallow shelf coupler and a full 3D-grounding- @€ already reached or surpassed. Therefore, the imminent
line migration scheme based on Schoof's (2007) heuristic anclimate change will have profound impact on society (e.g.
alytical approach. We summarise the full Stokes equationdianson etal.2011).

and several approximations implemented within this model However, none of the complex numerical Earth system
and we describe the different numerical discretisations. Thanodels (ESMs) in the IPCC report, used to compute the fu-
results are cross-validated against previous publications deafure climate trends, include the possible climate feedbacks of
ing with ice modelling, and some additional artificial set-ups the large ice sheets in Greenland and Antarctica, resulting in
demonstrate the robustness of the different solvers and thel@rge uncertainties for the global mean sea-level predictions.
internal coupling. RUBAY is designed for an easy adaption These ice sheets play a crucial role in the Earth’s hydrolog-
to new scientific issues. Hence, we demonstrate in very difical cycle as they store about 75 % of the Earth's fresh water.

ferent set-ups the applicability and functionality ofvigay ~ In general, ice sheets accumulate mass from snow precipita-
in Earth system science in general and ice modelling in parfion, which is compacted and finally transformed into ice. It
ticular. follows the gravitational force and flows downhill from sum-

mits towards the ice sheet margin. However, this simplified
view gets much more complex as different flow regimes exist
within ice sheets (Figl): the ice sheet's homogeneity is dis-
turbed by nunataks and fast flowing ice streams; at the base,
subglacial lakes and a hydrological network alternates the
basal boundary conditions of the ice sheet; and at the edges
ice shelves interact with the ocean by massive melting and
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2 M. Thoma et al.: Description of the ice flow model RmMBAY

differential equations in Sectt. Some more details about
the code implementation are given in Sest.before we
present some idealised example applications ofigRy,

with a main focus on cross-validation with previously pub-
lished ice-model results and an example of internal code cou-
pling in Sect.6. Finally, we demonstrate in Seatthe wide
spectrum of applicationsIRBAY is already used for by sev-
eral users.

2 Multi-approximation ice sheet/shelf model RmMBAY

The termmodelis used in several ways in Earth system sci-

ence, which can be sometimes confusing. Therefore, we first
Fig. 1. Sketch illustrating several aspects/components to be considdefine what we understand a®deland, to be more precise,

ered in ice sheet modelling (adapted aff@andh&ager2000.

iceberg calving. Therefore, a numerical model has to deal
with many different aspects of an ice sheet (and ice shelf) to
represent it's complex dynamic behaviour adequately and to
improve future projections or hindcasts for palaeoclimatol-

ogy.

During the last years great efforts have been undertaken
to improve existing ice models and to incorporate them
into coupled climate models (e.Rutt et al, 2009 Gillet-
Chaulet et al. 2012 Levermann et a).2012. Here, we
present the Revised Ice Model Based on frAnk pattYn,
the multi-approximation ice sheet/ice shelf modemMBAY .

This model is originally based on the higher-order numeri-
cal ice-flow model ofPattyn(2003, which has been tested
and applied to many scenarios (eRattyn 2002 Pattyn

et al, 2004 Pattyn 2008 2010. RimBAY itself has been
developed since 2009. Although the underlying higher order
model (HOM) and full Stokes (FS)-physics remained basi-
cally unchanged, a shallow shelf approximation (SSA) solver
has been added to calculate the horizontally averaged veloc-
ities of ice streams and ice shelves. Additionally, the numer-
ical solver implementation, the discretisation, the coupling
between different solvers and the user interface have been
improved in many aspects since it diverted from the orig-
inal model. Keeping in mind that ice models have to deal
with many different geophysical settings and boundary con-
ditions, it is challenging to design a computer code which is
able to fulfil these needs for a large variety of users and ap-
plications. RMBAY has been designed to be easy applicable
to new scenarios, easy to extend and with clear interfaces to
couple it with existing codes.

This paper is structured as follows: first, we clarify in
Sect.2 the sometimes imprecise usage of the tenwde)

between which types ahodelswe distinguish.

— Equations form thenathematical modelescribing the

fundamental relationship between the relevant values
of interest (e.g. velocity, temperature, and viscosity).
In our context, these equations are mostly coupled dif-
ferential equations which can not be solved analyti-
cally.

These equations are solved with a computer, which
requires a discretisation of the equations. This can
be done in several distinct ways, depending on the
demand of accuracy, stability, convergence proper-
ties, and resources (memory usage and computational
coast). We refer to this as tmeimerical model

This numerical model has to be translated into a com-
puter language (mostly a high-level programming lan-
guage like Matlab, Fortran, C, or C++). It is common
sense to refer to this computer program as model, too.
We use the expressiaodeor theimplementatiorto
specify the lines forming this (sometimes compiled bi-
nary) program.

Finally, the code is applied to answer a specific scien-
tific question (e.g. the contribution to sea level rise) of
a specific domain (e.g. whole Antarctica or a subregion
like the area of the Pine Island Glacier), or to study
processes (e.g. the impact of basal water on ice dy-
namics) and the sensitivity to parameters or boundary
conditions (e.g. geothermal heat flux, bedrock topog-
raphy or ice thickness distribution). These applications
of a computer program are often calledde] too. We
refer to these applications agperiment®r scenarios

In general, we use the term®BAY for the implementation

before we present in Sec8 the mathematical equations of the discretised equation, and therefore the compiled bi-
and several approximations founding the mathematical backnary code, which includes not only the mathematical model,
ground of RMBAY . Thereafter, we describe the numerical but also a sophisticated command-line interpreter and input-
finite-difference implementation of these equations and howoutput interfaces for an easy usagemBAY is distributed
they can be solved with existing numerical solvers for linearwith a suit of example —and reference — scenarios and several
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M. Thoma et al.: Description of the ice flow model RMBAY 3

additional programs (mainly based on the bash-script lan-According toPaterson(1994), the constitutive equation for
guage) providing several options to visualise the computedolycrystalline ice links the deviatoric stresses to the strain
results with the generic mapping tools (GMT) (GMW¥essel  rates,

and Smith 1998 Wessel et a).2013. In the following sec-

tions, we elaborate on these different model types and how €xx €xy €xz
) / . S
they are used in RIBAY . T =2n€ =2n| éyx €yy €y;
€zx €7y €77
3 Mathematical model S—ii % (au + gi) % (az + Bx)
. . . == 2 l ( dv d_v l- (d_v d_w> 9 7
The mathematical field equations are based upon the conser- < | 2\ Tor N oy %
vation of mass, momentum, and energy: 3 (3—Z + %—’;’) 3 (g—? + %—’f) %—’f
8_’0 +V-(pv) =0, 1) applying the effective viscosity, which can be described by
3& the Glen-type flow law (e.gCuffey and Patersqr2010:
v
p—=V-1+pg, (2 . A , ) .
dé E=A0O)T", or T =2né with
0
— =V (V8 i 3 1 1.4
P =V VO + Qi O p=Sad 7S ®)
with the (constant) density, the velocity vectorv = ] . .
(ve, vy, v:) = (u, v, w), the gravitational acceleratiog = with n = 3, the pressure-corrected ice temperatlee 6 +

(0,0,—g), the two dimensional stress tensarthe (poten- @, With a constank = 9.8 x 10-*KPa * (Greve and Blat-
tial) temperature, the heat capacity, the thermal conduc-  t€r, 2009, and the effective strain rate (valid for incompress-

tivity «, and the internal frictional heating; . In the follow-  ibility as €, 4 é,, + é;. = 0 follows from Eq.4)

ing we consider Cartesian coordinates, with the vertical co-

ordinatez upwards and neglect acceleration. In case of ané = /é2 4 ¢é2 +é.,éy, +¢é2 +¢é2 +¢é2. 9)

incompressible fluid with a constant density the continuity

equation (conservation of mass) follows as The temperature dependeate factorA(9) is parameterised
u v dw according to the Arrhenius relationship aftémoke(1981) or

Viv=——o 3 t o = 0. (4)  Paterson and Budd982. Combining Eq.§) and Eq. {) we

get the so-called full Stokes (FS) equations for ice modelling:
The stress tensar is split into a deviatoric part’ and an

isotropic pressure, which is defined as the negative trace ofd <2,7_> + 9 ( du +1 3”)
the stress tensor: ax ox) "oy "oy " Tox
1 n a ou n ow ap
t:r’—i-é(txx—}—ryy—i—rzz)l 0z oz " Tox ax
a a d d ad
(5) dx \ dy ox dy dy
L 0 < v 8w> p
wherel symbolises the identity matrix. 0z L 9z 1 ay ay
) ) a ou n ow n a av n ow
3.1 Equation of motion ax \7 9z s 3y n 9z n 3y
Because velocities in ice sheet/shelf modelling are rather —I—i <2n8_w> _ 3_1’ = pg. (10)
small, acceleration can be ignored and the momentum equa- 0z 0z 0z
tion can be written as i
Rearranging EgX5) leads to
ATy, + aT;)’ ar}éz ap
=Y, _ / /
0x dy dz  Ox P="Tx — Ty T Tz
/ / / 3 8
e 0Ty s ap _ o ( “ _“> . (12)
ox ay 0z ay ax 9
/ / /
Oty 9%y  9m  3p _ g (6)  With an expression for the vertical normal stregsobtained
dx dy 9z 0z by vertically integrating the third equation of E6) from the
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4 M. Thoma et al.: Description of the ice flow model RmMBAY

surfaceS to the height; (Van der Veen and Whilland989 3.3 Shallow shelf or shelfy stream approximation

Pattyn 2008:
A second common approximation is the shallow shelf ap-
proximation or shelfy stream approximation (SSA). This
T = —pg(S—z)+ /fxz dz/ +—/t dz’. (12)  assumes that the horizontal velocity is depth-independent
u = v = 0), which is the case for ice shelf regions and fast

R

flowing ice streams decoupled from the ground. Integrating
= Eqg. (4) through the ice from the bageto the surface, and

Here, the first term in Eq1@) describes the hydrostatic part definingU andV as the vertically integrated velocities leads
andR_, the resistive part, sometimes also referred tvexs  to (e.g.Morland, 1987 MacAyea| 1989 Pattyn 2010

tical resistive longitudinal stress
0 oU  aVv ad U
Depending on the scientific issue, several apprOX|matlons— 2Hn|2—+— )|+ —|Hn|—

of Eq. (10) might be reasonable, which are described in the 9~ 9x 3y oy dy
following subsection. B — ngﬁ
X ax ]

3.2 Higher-order approximation 0 oU d oU
The HOM approximation oPattyn(2003 applies the hydro- Y * * 8yS
static approximation, by neglecting the resistive stiessn — Ty = nga—,
y

Egs. L0)—(12) for the vertical velocity and the vertical nor-

5]
5 )]

(16)

mal stress. These are only relevant (but still almost two or-where the basal shear stregsretards the otherwise unham-
ders of magnitude below the other normal stress and shegsered flow on bedrock till. It can be expressed in terms of
stress componentBattyn 2000 where the ice flow regime the basal friction parametg®® and the horizontal velocity:
changes, as in the vicinity of ice margins or ice divides. Ad- 7;,; = 82V;. A thorough derivation of E46 can be found in
ditionally, ignoring the horizontal derivatives of the vertical Greve and Blattef2009. Both, the shelfy stream approxi-
velocity in Eq. (0), leads to mation and the shallow shelf approximation are expressed by
Eqg. (16). The only difference is, that for an ice shelf or above

i (Zna—u> ~|—i( Ou —+7 80) a subglacial lakes? is zero, while it might reach several
dx dx dy \ " dy Tox thousand Paant for a slippery bedrock, which especially
n 9 na—u> _p_, applies to basal lubricated areas. As a rule of thumb above
az\'daz) oax dry bedrock a value o2 = 25000 Paam! would corre-
3 ou v P v spond to a typical frictional stress of about 100 kPatér-
8_ ( ay =+ 778—> @ ( 5) son 1994 if a velocity of about 4 mal is assumedThoma
9 . 5 et al, 20129. Finally, because of the lacking vertical shear
+—(n— e =0, stresses Eq9j reduces to
9z \ ' 0z ay
3 Zna_w ap ~ pe. (13) €= /€2 + &3, Fénéyy + €2 17)
0z 0z az

3.4 Shallow ice approximation
Applying Egs. (1) and (L2) we obtain

The most rigid approximation is the shallow ice approxima-

9 2 (231 @) + 9 n (31 + @) tion (SIA, which is a reasonable simplification for large ice
ax | dx ~9y/1 oyl \dy odx/] bodies, when the horizontal length scale is much larger than
4 i( 3“) Ly the ice thickness (e.gutter, 1983. Assuming that the hori-
9z \ " 9z dx zontal derivation of the vertical velocity is much smaller than
AT, (2@ 31) T (iu @) the vertical derivation of the horizontal velocit§ < 24)
n + + + . ) " : 2
ay | dy = ox dx dy dx/ | and applying the hydrostatic approximation (which reduces
Kl < 8v> aS (14) the vertical momentum balance to the hydrostatic term) we
0z 0z 3y derive
for the horizontal velocities. The vertical velocity at depth 9 (77 du ) o _,
can be derived by integrating the continuity equation B). ( 9z \ 9z ax ’
from the baseB vertically: 9 v ap _
s 9z <77 8z> ay
u v ,
w(Z)=w(B)—B/<a+5> d’. (15) —3—’; = pg. (18)

Geosci. Model Dev., 7, 121, 2014 www.geosci-model-dev.net/7/1/2014/



M. Thoma et al.: Description of the ice flow model RMBAY

Basically, this approximation decouples the horizontal veloc-
ities, allowing local solutions for the velocity field, instead of
a much more complex and time-consuming implicit solver.
The numerical resources of this SIA are so low (compared
to any other approximations) that it is still widely used (and
useful) for many applications.

3.5 Boundary conditions

Several boundary conditions have to be formulated to solve
the different approximations of the equation of motion.

1. We apply a stress-fremurfaceboundary condition:
19)

with the normal vectons orthogonal to the surface.

Ts-ng=0,

2. For the horizontal velocities at the itase we apply
either

— a no-slip condition for the tangential velocities
(v =vp —np(vp - np) = 0).

— a Weertman-type sliding law (e.gPaterson
1994 Cuffey and Patersqr2010, linking the
sliding velocity with the basal shear stress:

TH = ,Bva = C|vb|milvb or
1 1 1
Vo = 53 %h =C nlgylntry,  (20)

with the basal tangential stress component=

T - np, and the normal vectar, orthogonal to the
ice base, the basal friction coefficiefit and the
basal friction exponent:.

The basal drag is defined as the sum of all basal
resistive forces \(an der Veen and Whillans

5

4. At lateral boundarief the model domain, we apply
either

— zero ice thicknessH{ = 0),

— Dirichlet boundary conditions with fixed veloci-
ties. The no-slip condition= 0), which would
imply frozen ice at nunataks, is a special case of

this.
— A Neumann free-slip boundary condition:
Vvi np = 0,

[V(w—(v-ny)n)]n =0,

at ice-nunatak edges, with the unit vecigr or-
thogonal to the edge, or

— a (dynamic) Neumann boundary condition for an
ice shelf-ocean interface (e@reve and Blatter
2009 Joughin et a].2009 Pattyn 2010,

(24)

d 0
au av pgHSny
H(—+—|n,= :
+ <8y+8x> ) 2
av. aU
2 H 2_+_ y
ay 0
av. aU HSn,
tuH (o S )ne =222 (25)
d ay 2

with the outward-pointing unit vectogn,,n,),
which is perpendicular to the (vertical) ice shelf
front.

— or periodic boundary conditions.

These equations are converted in terrain followingpor-

1989 Pattyn 2003: dinates by applying
oB 0B
o = 1 = (206 T+ Res) 0 %y o=32 (26)
H b
) / ) 9B, 9B with the ice thicknes#/ and the surface heiglst This coor-
Toy =Ty, — (nyy Tt Rzz) Ty Ty oy (21) dinate transformation leads to additional metric terms in the

with Ti/j = t/,(B). In case of the SIA these equa-
tions simpliily to

3S
Tpy = —pgH — (22)

H8S
, Tpy = — —.
9y by rg dy

equations, which are described in detaiFattyn(2003 or
Greve and Blatte(2009. The advantage is, that the verti-
cal coordinate ranges from =0 at the surface te =1 at

the ice base, independent of the local ice thickness and the
bedrock elevation.

— or a stress free base when a substantial amoun8.6 Temperature calculation

of water is present, like in the case of subglacial

lakes and ice shelves; this implig$ = 0.

3. For the vertical velocity at the base, we apply a kine

matic boundary condition:
0B oB )
=—4+u—+v——mp,
at ax dy
with the basal melt raté: g.

wp (23)

www.geosci-model-dev.net/7/1/2014/

Assuming a constant thermal conductivitythe temperature
evolution (Eg.3) can be divided into an advective, a diffusive
and a source term:

30 )
— VO | = «kV4h i . 27
pc P + v &\/__/ + 0i ( )
Advectio Diffusion  |nternal

Sources
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Neglecting horizontal diffusion and assuming that the in-
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depend on the strain-rate dependent viscosity 8Eqesult-

ternal heat source results mainly from the ice deforma-ing in a non-linear problem. In the full Stokes case, the hor-

tion (Paterson1994 we obtain with the effective deviatoric
stresst’ (defined similar to the effective strain rate in E.
andQ; = 2¢1’ = 4ne?

90 Kk 020
at  pc dz?

(28)

The boundary conditions applied to solve this thermody-
namic equation are

izontal velocities depend also on the vertical velocity. How-
ever, these problems can be solved iteratively as indicated in
Fig. 2.

In the full Stokes case, the vertical velocity can be
estimated from the continuity Eg4), imposing kinematic
boundary condition at the lower ice surface (including melt
rates).

According to Pattyn (2003, it is sufficient to solve the
system of linear equations farandv successively, instead

— the mean air temperature at the surface of the ice bodypf solving both equations at once. In general, we iteratively

— a Dirichlet boundary condition according to the pres-
sure melting point of ice (e.gPaterson1994, 6 =
—8.7x104Km~1 H, at the ice base when the ice
is floating (like above subglacial lakes and for ice
shelves), and

a Neumann boundary condition at the bdseor
grounded ice:

a6y _ G+r,;|vb|

3z

with the basal stresg, = /72 + szy and the geother-

mal heat fluxG.

(29)

3

K

3.7 Ice sheet evolution

Integration of Eqg. {) from the baseB to the surface§ leads

to an equation for the ice evolution. Defining the ice thick-
nessH = S — B, accounting for melting or accumulation at
the surface and/or base and assuming a constant ice dens
o we get

S S
d
E/pdz—i-v-/(pvi) dz = pm, (30)
B B
oH oUH o0VH
—=— — | +m, (32)
at ax dy
with the mass balance (in nT4) is defined as
m = mac - n"lab - "hB (32)
—— — —
Accumulation Ablation Basal melting

Basal freezing can be implemented by negative basal melt-

ing.

4  Numerical model
4.1 Linear and non-linear solvers

The coupled pair of equations for the horizontal velocity
field for the FS, HOM, and SSA equations (E@8, 14, 16)

Geosci. Model Dev., 7, 121, 2014

solve

I+1

Anm (x[) - X0 = by (x])),

wherel! is the iteration A, contains the coefficients of the
left-hand side of the relevant equation to solve, wihjleis

the forcing term on the right-hand side of the equation. The
placeholder,, symbolises the horizontal velocities; or v;;
(Egs.10, 14, or 16), the potential temperatueg; (Eq. 28),

or the ice thicknesg$i;; (Eq. 31), respectively. The indices

n andm symbolise the consecutively numbered grid nodes
from(j=1i=1)1t0(j = Xmax i = Yma0™.

Two methods to solve the linear system of Eg3)(are
available within RmBAY : first, the fast and efficient biconju-
gate gradient method with a Jacobian preconditiol@rgg)
from the numerical recipes (NRP(ess et a]2007); second,
the Library of Iterative Solvers (LIS) fromlishida(2010.

The Library of Iterative Solvers (LIS) provides a bunch
of preconditioners and solvers, including the recommend-
able generalised minimal residual (gmres) method, which
can also be applied to solve non-symmetric matrices. For
Bth methods the effectiveompressed row storage€€RS)
sparse matrix method is used as a default to store the ele-
ments of the matrix,,,,,. However, for the LIS, thenodified
sparse ron(MSR) format is implemented, too. Comparisons
with respect to the calculated velocities have shown

(33)

— the differences for the two storage formats (CRS vs.
MSR) are negligible,

— the differences between the linbcg solver fréress
et al. (2007 and the very same preconditioner/solver
combination from the Library of Iterative Solvers are
negligible, but the solver dPress et al(2007) needs
less computational resources.

— if specific preconditioner—solver combinations con-
verge, the difference between different combinations
are negligible.

Summarisedif a solution of the linear system can be com-
puted with a reasonable accuracy, the results can be trusted.

INote, that for historical reasons (originating frdpattyn 2003
2008 the order ofi and j is swapped within RuBAY , compared
with the intuitive usage.

www.geosci-model-dev.net/7/1/2014/
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A ———

° —_> (] —> ®
~" i+1,j—1 i+1,j—1 i+1,j i+1,j i+1,j+1
Y 4 * . T * 4

A

iet/212 i+

—ay ——

T [ -1 /2172
o

z [ — [ —_— [
ij-1 ij-1 inj ij ij+1
Fig. 2. Sequence of iteratively solved variables withinRAY . In \
the SSA case the product #fy is calculated, instead of the viscos- - -1 * —
. . . ) . . i-1,j-1 i-1,j i-1/2j+1/2 i-1,j+1
ity n, only. The grayish highlighted variables are calculated only in i
the FS case. (Within the main loop, the vertical velocity needs only
to be calculated in the non-FS cases.) ° — ° — °
i~1,j-1 i~1,j-1 i1 i1 i~1,j+1

In general, we suggest to start with the faster linbcg algo- '—Af”_—'Axu_|

rithm (from Press et a].2007) and to switch to the gmres
solver with a Jacobian or ILU (Incomplete LU decomposi- Fig. 3. Location of nodes on a C-grid. The location Bt 5, and6
tion) preconditioner if it should fail. nodes are indicated by dots while the location of the horizontal ve-
When solving the linearised equations for the horizontallocities are indicated by arrows. The stars indicate certain inter-grid
velocity, the viscosity) might vary over a few orders of mag- nodes used in the numerical implementation. The red colour indi-
nitude, which requires a sophisticated convergence schem&&tes corresponding nodes of the centralinode and the colour-
Hence, a simple Picard iteration might fail. Therefd?attyn coded incrementsy...) at the edges refer to the corresponding grid
(2003 extended this scheme by the unstable manifold cor-
rection (UMC), introduced byindmarsh and Paynd 996,
which results in a proper convergence of the solution. In4_3_1 C-grid
RimBAY the UMC is applied in the SSA, HOM, and FS

node distances.

solvers. For the C-grid, where the velocities are defined in-between
thickness nodes, the equation of the ice sheet evolution
4.2 Discretisation (Eqg. 31) can be written as an implicit first order finite dif-

ference equation as

When equations are discretised, it is important to realise

where exactly the individual variables are located. This is

At (v + D = U 1)

t+1

quite simply defined for the unstaggered Arakawa A-grid H; "+ 2Ax

(e.g. Arakawa and Lamp1977 Purser and Leslie1988 41 41 41 41
where all variables are located in the very same grid posi- At [Vi»f(le,j tH ;)= Vi (H ™+ Hiflyj)]
tion. However, sometimes a different approach has numeri- 2Ay

cal advantages. Besides the traditional (unstaggered) A-grid, _ Hit,j T+ AL (34)

the staggered Arakawa C-grid is optionally available imR

BAY for the SIA and SSA solvers. On the Arakawa C-grid, Rearranging Eq. 34) with respect to the five discrete

the horizontal velocities are defined in between the thicknessgyi+1,51ues . located and numbered as indicated indige-

(and viscosity) nodes as illustrated in Fg. sults in the following coefficients for the sparse mattiy,
of the linear solver:

4.3 Ice Sheet evolution

At
Cri=— IVi—l,j,
As an example, we formulate the implemented discretisation Aty

of the ice sheet evolution (E§1) explicitly for the two dif-  Cpo=— —U; j_1,

ferent grids. Additionally, the detailed discretisation on the 28x

C-grid of the SSA equation of motion (EG6) is given in ¢, —14 AL (Ui»j —Uij-1 Vij— Vi—l,j)’
AppendixB. 2 Ax Ay

www.geosci-model-dev.net/7/1/2014/ Geosci. Model Dev., 7212014
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Y, V1

—

X, U,J

Fig. 4. Relative positions and numbering of nodes for the implicit
first order finite difference formulation of the ice evolution (Bd).

At
Cn4=+mUi,j,

At
Cn5=+mvi,j,

b, :Hl.t,j—|-n"Li,jAt. (35)

. Thoma et al.: Description of the ice flow model RmMBAY

it depends on the solutiord) diffusion vector D; :=
(Dy, Dy) = —V; H(VS)~! we derive

oH
a3 — JfaaV - (DiVH) + (1= faa)V - (ViH)

= faaV - (D;VB) +m. (37)

The finite difference formulation of Eq3() as well as the
coefficientsC,,, for the sparse linear matrix for the interior
and the boundary conditions are given in the Apperflix

In general, it would be appropriate to apply the diffusive
equation (with f,;, = 1), because &ax method has to be
used to numerically stabilise the advective part of BY) (
(see Appendipd). Unfortunately, this adds numerical dissi-
pation (numerical diffusion) and results in a time-step depen-
dence of the solution. However, if the ice body contains ice
shelves and/or ice divides with flat areas, the reciprocal value
of (vS)~1 becomes very large and counteracts the stabilis-
ing effect of the otherwise stable diffusive implementation.
Despite this problem of exchanging stability towards conver-
gence (with respect to decreasing time steps) this approach

These coefficients represent the non-zero elements of eadts been discussed in some applications (@agtyn et al.

single rown for eachi, j element of the matri,,,, with
C,3indicating the central node @t;) andb, the forcing term
on the right-hand side.

2006 Docquier et al.2011).
As an alternative to overcome the restrictions involved
with the numerical representation with respect(tas)—!

The coefficients derived in the last subsection are valid forin Eq. 36), we implemented a mass conserving (time step

the interior of the ice. Boundary conditions have to be formu-
lated at the edges of the ice shég@pen boundariefor grid
cells adjacent to ocean or ice-free land are simply implicitly
implemented by assumind = O at the respective grid cell.

If the ice adjoins a nunatak or a lateral end of the model

domain, closed boundaryconditions are applied. We de-
fine these by setting the velocity (and thus the flux) of ice

over the edge of the specific grid cell, to zero. For exam-

ple, closed boundaries at the eastelfa (= 0) and south-
ern (V;_1,; =0) edges would result i€,; = C,,4 =0 and

Vi Uij-1Y :
cn3=1+%(A—; f) in Eq. 35).

4.3.2 A-grid

For the the A-grid a pure advective scheme to solve Bf). (

independent) upwind scheme, based on Bd).(Averag-
ing the horizontal velocities from their central (A-grid) loca-
tion towards the grid-cell edges accordingitltf)j = %(U,»,j +

Ui j+1) andV¢; = 3(Vi j + Vi1, ;) leads to

HTH+ ZAT; (v 105 1) 3t (g = 10f 1)

- (U,fj_l + IU,f,-_1|) Hitjil - (Ufj—l - |Ufj—1|) Hit,Jfl]

+£T; [("fj +IVi; |) HiT (Vifj =1V |) HilL;

— (Va1 ) HEE = (Vi — IV ) BT
= H! ;+mAt, (38)

would be numerically problematic, because of the velocity—nq the following coefficients for the sparse matfix,.:

pressure gradient coupling. Hence, we decompose the equ
tion into a weighted advective and diffusive part by apply-
ing the identity(VH +V B)(VS)~1 = 1, derived from a sim-
ple gradient formulation of = H + B (surface elevatior§
equals ice thicknesH plus ice bottomB):

OH
—+

: -1
- fad V- [V,H(VS) (VH—i—VB)]

+ A= faa)V - (ViH) =m, (36)
with f,; = 1 for pure diffusion andf,,; = 0 in case of pure
advection. With the definition of the non-linear (because

Geosci. Model Dev., 7, 121, 2014

a_

t
Ch1=— E(‘/lc—lj + |V,C_1]|),

At ¢ ¢
Ch2=— E(Ui,j—l"i_ |U,',j_1|),
C C C C
Cucit At ((U,,,- HIUS D= WU ;1 =10 4D
Ax
+(ij HIVED = (Ve — |V,-Cl,,-|)>
Ay ’
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Cpa=-+ ZAA—IX(U;:]. =10 D, modelled flux through the last griddgd r_10Qé4 =V;H (or
" oM = V; - 0.5(H + Hiioap 0N a C-grid): if 0% > QM then _
Cos =+ 5— (V5 = IVED, more ice is transported into the ice shelf and the grounding
2A line retreats or stays constant, the velocity at the grounding
by =HJ ; +mj jAt. (39) lineis corrected according to EatY). If 07 < O then less

) . o ice is transported into the ice shelf and more ice is kept in

4.4 Ice sheet—ice shelf coupling and grounding line flux  the jce sheet, the grounding line advances and the velocity
. . . of the first floating node is corrected according to EH)(
The mechanically correct way of coupling a ice sheet systeMy yetailed description of this method is given Docquier
with an ice shelf system would be a FS approach. Accord-et al.(2019), Pollard and DeConté2012, andPattyn et al.

ing to Rattyn etal(2013 a horizontal resolu_tion_of less than . (2012. To avoid unrealistic velocity steps, we additionally
0.5km is necessary to capture the grounding line (GRL) ml'apply a conservative 2D-Gaussian filter to the grounding line

gratiqn aF:(;urater. Th'is however,'is computationqlly costly nodes to smooth the resulting velocity field.

and inefficient, especially for major parts of the ice sheet

and ice shelf, which are at a large distance from the GRL

where reduced physics is sufficient (see Elfsand 18, re- 5 Implementation

spectively). Either a finite element discretisation (as in the

Elmer/ice model or the Ice Sheet System Model (ISSM), e.95.1 General Information

Zwinger et al, 2007 Larour et al, 2012 or a finite volume

approach are necessary to implement FS physics in a reasoihe RMBAY code is mainly written in C++ and has about

able way. Another approach to increase the grid resolution ir30 000 (mostly) well documented lines. For historical rea-

specific regions of interest are adaptive grids (Elgdstone  sons the code is not completely object oriented yet, the ma-

et al, 201Q Cornford et al, 2013, although they have (to jority is organised into classes, and the number of global vari-

our knowledge) not been applied to HOM or FS physics, ables (which should be avoided as much as possible in any

yet. For coarse resolution finite difference models (with grid code) is close to zero. A reasonable degree of code separa-

sizes beyond one kilometrefPollard and DeCont@2009 tion into several C++ classes, allows an easy maintenance of

and Pollard and DeCont¢2012 suggested a heuristic ap- the code. Well-defined interfaces (public methods of the C++

proach, based on the semi-analytical grounding line flux soclasses) enable an easy extension of the code for upcoming

lution, derived bySchoof(2007): developments in ice modelling and/or further reaching appli-

. cations (see Sect). N

n+1 n\ mil The GNU build system (also known as thautotoolg is

05 = (A(pg) (1n_ p/pocean ) a suite of programming tools designed to assist in making
4c source-code packages portable to many Unix-like systems.

o\ WL mint3 It generates system- and environment-depenfitakefiles
( xx) hgm+1 , (40)

automatically and attends dependencies between different
source (and header) files. Thanks to @KU build system
RiMBAY has been compiled and tested successfully on sev-
eral different Unix-platforms without any code adjustments.
To distribute, develop, and maintainiNBBAY we use the

timated from the ice thickneds, at the interpolated sub-grid  distributed revision control systemonotoné, which keeps
grounding line position. Before the ice evolution E§O)is  rack of any changes within the code and provides a sophis-
solved, the Schoof flux (estimated on a sub-grid scale) conlicated automatic merging of development branches.
strains the flux across the grounding line by correcting the ©One of the main programming paradigms foMBAY is

previous estimated velocity, located on a discrete grid noddhat the very same (compiled) code has to run every single
according to (previous successfully tested) scenario without any code edit-

ing and/or recompiling. To achieve this|NRBAY is started

Tr

with the longitudinal stresst;, just downstream of
the grounding line, and the unbuttressed stregs=
0.50gh(1— p/pocean- The grounding line quxQ;E is es-

08 Q§ . with command-line arguments and loads the specific sce-
u= ?X V= A-grid, nario from parameter files and (if requested) optionally from
s a netcdf file, too. The well established netcdf output format of
203 205

C-grid. (41) 2A few parts of RMBAY are still based on the original code

of Pattyn(2003 2008, which was written in C and not C++; also
With the ice thicknessH at the last grounded node (the the implemented solver libraries (from NR and LIS), and the netcdf
model’s grounding line) andfsoat the ice thickness at the interface are written in C.
first floating node downstream. The distinction depends on 3http:/en.wikipedia.org/wiki/GNU_build_system
the relation between the analytical Schoof—fIQ;E and the 4http://www.monotone.ca/

U= ——— V= ———
H+ Hﬂoa[ H+ Hﬂoat
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RIMBAY ensures that the computed results can subsequently -« -

be post-processed with the desired software packages, if the g8 zv g8 zo

supplied GMT-bash scripts\essel and Smitt1998 Wessel 05a #97 050 #97

et al, 2013 (included in the RvBAY -monotone database) 3430 T _ 3000

should not be sufficient. 3420 1 . T

The RMBAY code comes with a test suite containing . 3410 - 2990

nearly 50 different scenarios. These small and fast-running £ 3400 E

scenarios are designed to ensure that future model develop-§ 3390 | $ . - 2980 §

ments do not interfere with previous results. g o g
2 33807 . 2070 =

5.2 Solver coupling '; 3370 A ';
(8] (8]

The coupling of SIA and SSA at the grounding line is re- 3360 . L - 2960

alised by applying depth averaged velocities from the SIA 8350 1 .

solver as a Dirichlet boundary condition for the SSA solver. 3340 Fixed Ma'rgin Moving Margin 2950

This transition can be located either at the last grounded node

(the numerical GRL) or several grid nodes inside the iceFig. 5. Comparison of modelled SIA ice thicknesses of experiments

sheet. In the latter casdmnsition zongor grounding zong  described irHuybrechts et al(1996 (red), theRichardson extrap-

is defined by a region where the solutions of the SIA and theolation result of Bueler et al (2005 (green), and RuBAY results

SSA solvers are interpolated. (blue). The RMBAY A-grid implementation corresponds essentially
If the HOM/FS should not be applied to the whole model With the 3D/Type-lI.

domain (which might be reasonable to save computational

time), one or moreegion(s) of interestan be defined. In that

case, the resource-consuming HOM/FS solver is limited to

these regions only, while the faster SIA and SSA solvers aréP'e.

applied elsewhere and provide the Dirichlet boundary condi-

tions for the HOM/FS solver (see example in S&c4). 6.2 SSAsolver

Eqgs.34andA2) of the ice evolution equation, this is accept-

The A- and the C-grid implementations of the SSA are com-
pared with a diagnostic tabular iceberg experimerltasfsen
et al.(2005. In this experiment, the horizontal velocity field

The implementation of the different mathematical models©f & rectangular iceberg with a constant thickness of 250 m
(SIA, SSA, HOM, and FS) to calculate the horizontal veloc- @nd an isothermal temperature 2°C is calculated. The

ity field are validated separately in this subsection. Addition-ViScosity is calculated according to E@) fvith n =3 and
ally we show that the solver for the ice sheet evolution and@ temperature dependent rate factor given by the Arrhenius
the solver coupling produces reasonable results. The tempefélationship aftePaterson and Budd982). Our horizontal
ature evolution and thermomechanical coupling is not reconelocities are calculated on a 1 km grid and are in close agree-
sidered here. Although the solvers have been revised, thefi?€nt with those presented Bansen et a(2009 (Fig. 6a).
results are identical to those publishedmsttyn(2003 and Additionally, we rotate the iceberg, to demonstrate the inde-

6 Validation

Thoma et al(2012. pendence of the model results from the iceberg’s orientation
within the rectangular grid (Figeb—e). This test is essen-

6.1 SIA solver tial for the modelling of evolving ice sheet fronts, which are
rarely aligned with the grid orientation in real geometries.

The A-grid implementation of the SIA within IRBAY is A much more complex proof-of-concept is shown in

mainly identical to those oPattyn (2003 and has already Fig. 7. This artificially constructed geometry with a grid res-
been validated successfully against theving-margin Eis-  olution of 2 km features

mintbenchmark described Huybrechts et a1996 within _ _

Pattyn (2003. Here, we compare the estimated ice thick-  — @nhon-constant ice thickness;

nesses, derived with the A-grid (Type-Il accordingHay-
brechts et a).1996 and the C-grid RuBAY implementation
for the fixed- and moving-marginbenchmark experiments,

— two discontinuous areas, which are solved simultane-
ously by the numerical solver;

with results published biluybrechts et al 1996 andBueler — a quite complex shaped ice—water front with corners,
et al. (2005. Figure 5 shows that the A-grid implementa- tongues, and an inlet at~ 200 km.

tion produces results very close to the reference, while the

C-grid implementation results in a 0.38 % larger ice thick- — The brown areas in FigZ. symbolise nunataks, where

ness. Considering the very different discretisations (compare special boundary conditions are applied: In the south

Geosci. Model Dev., 7, 121, 2014 www.geosci-model-dev.net/7/1/2014/
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80 1 a) L g4
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Fig. 6. Modelled horizontal velocity for a synthetic iceberg in different orientations. The enlarged inlet shows exemplarily the orientation of
the normal vectors at the ice shelf front in green (compare2B).
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Fig. 7. Modelled horizontal velocity for two synthetic floating ice %
structures of complex geometries. Nunataks are indicated in brown. D?
At the southern (lower) edge no-slip boundary conditions are ap- _II
plied, at the northern edge and at the ice rise in the left ice body B
free-slip boundaries are valid. O]
i . . 10 T T
(y =0), a no-slip boundary results in stagnation at 1e+24 1e+25 1e+26
the ice—nunatak interface, while at the northern edge 1/A (s Pa?d)
(y = 220 km) of the right iceberg a free-slip boundary
condition is applied. Fig. 8. Steady state grounding-line positions according to the

boundary layer theory oSchoof (2007 (black) for a 2D-flow-
— Additionally, a small nunatak (with an area of 10 km  line experimenPattyn et al(2012. Modelled RMBAY GRL posi-
5km=50 kmz) located within the left iceberg with tions for different resolutions with advancing (solid) and retreating
free-slip boundary conditions is added. (dashed) GRL are indicated as a function of ice viscosity.

The modelled velocity pattern is consistent with the expecta-

tions, which are to predict grounding line migrations. In this 2D flow-line

— higher velocities at higher ice fronts, experiment the position of the GRL is compared with the
boundary layer theory aBchoof(2007). We applied Rv-
— zero velocities at no-slip boundaries, and BAY with different horizontal resolutions and a transition

i L zone of 100 km, imposing the heuristic condition according

— a reduced, orthogonally orientated velocity field at , o method described in Sedt4. Figure8 indicates that
free-slip boundaries. the semi-analytical steady state grounding-line positions, ac-

The difference between the A-grid and the C-grid (not cording to the boundary layer theory 8€hoof(2007), are in

shown) are negligible. Therefore, we conclude that the SsAdeneral reproduced well withIRBAY . However, some de-
solver implementation produces reasonable and robust rd2y&d movements happen because of numerical issues in this

sults, even for complex geometries. idealised set-up. o _ _
Recently, RMBAY participated in the extended 3D vari-
6.3 SIA-SSA solver coupling and GRL migration ant of the MISMIP, which investigates the grounding line

response to external forcingBdttyn et al. 2013. We per-
The results of the Marine Ice Sheet Model Intercomparisonformed different scenarios with comparable coarse resolu-
Project (MISMIP) Pattyn et al. 2012 are a good bench- tions between 2 and 20km, because our main focus was
mark test for the capability of a coupled ice sheet/shelf modelon the applicability of these approximations with respect to

www.geosci-model-dev.net/7/1/2014/ Geosci. Model Dev., 7212014



12 M. Thoma et al.: Description of the ice flow model RvBAY

versibility tests and transient experiments only the 5km and =100 o 102 10°
10 km resolutions were considered. In order to overcome the o6 Veloity (m/2)
problem of capturing grounding line migration in coarse res-
olutions, we apply the heuristic rule described in Sdct.
Despite the rather coarse resolution (compared with most of
the other 15 participating numerical ice models)MBAY
accomplished the velocity-field comparison of the diagnostic
experiment and in particular the reversibility test for ground-
ing line migration. The latter is a prerequisite for modelling
the Antarctic Ice Sheet, which is surrounded by ice shelves
along more than half of its coast line. However, as a con-
sequence of the imposed heuristic grounding line condition,
which is not valid for a compressive flow,IRBAY is (as all
other A-HySSA models that participated in the MISMIP3d [ .
intercomparison) incapable of reproducing a grounding line 0 10 20 =
retreat at free-slip walls. Despite the partly discontinuous
grounding line retreat, resulting from the rather coarse res-
olution, we conclude that RIBAY is capable of simulating b) 2000
large ice bodies with attached ice shelves for different cli-
mate conditions.

2000

large-scale modelling, possibly coupled with an atmosphere a)
and ocean model in an Earth system model approach. For re- , m

1000

-

z(m)

o

N 1200 600 0
Bedrock (m)

—1000

N

1000

6.4 HOM and FS solvers ~1000

0 100 200 300 400 500 600
X (km)

The numerical core for the HOM solver is very similar to the

original implementation oPattyn (2003, validated in the  Fi9- 9. Geometry for the experiment described in Séot.

the Ice Sheet Model Intercomparison Project for higher or-(2) Bedrock topography and ice geomtery. The horizontal ice ve-
locity is plotted on top of the ice sheet surface; the magenta and

der modgls (ISMIP-HQM).experl'mentE’Qttyn et al:2008. ._red lines indicate the interpolated (sub-grid scale) GRL-positions
The FS |mplem_entat|0n 1S basmally an extension of thlsfor the coupled SIA-SSA, the HOM (dotted) and the FS (solid) so-
code and has originally been publishedRattyn(2008 for  ytions, respectively; the black rectangle indicates the region, where
a linear rheology (withn =1 in Eq. 8) and successfully  the FS solver is applied. Additionally, the basal friction parameter
been expanded for non-linear theologies (with=3) by g2 (according to Eq20) is shown.
Thoma et al(201Q 2012. The results of these specific code- (b) Profile alongy = 100 km. The dashed black lines indicate the
fragments are already published, hence we do not present arfyea where the HOM and FS solutions are calculated, respectively,
additional validation of the ES solution here. the red lines indicate the shape of the corresponding ice geometry
However, we present two coupled SIA-FS—SSA experi-for the HOM solution (dotted) and FS solution (solid).
ments to demonstrate the flexibility ofif®BAY , with respect
of a nested HOM/FS domain within a SIA-SSA domain.
The first experiment, is simply an extension of the orig-
inal MISMIP experiment discussed in Se6t3 and Fig.8.
In addition to the coupled SIA—SSA solver, we modelled an
area of 250km in the vicinity of the GRL with the HOM
and FS solver, respectively. We confined this test to the high- _(Hoo km)2
est viscosity applied iRattyn et al(2012 (1/A = 2.1544x B =-100m—15x —300-¢ \ *0f" /| (42)
1073s P&), where the modelled grounding line position is
at about 1058.7 km (Fig3). Applying the HOM solver in
the vicinity of the grounding line, after the SIA-SSA model
reached a steady state, results in a slight retreat of abo
8km (which is below the grid size of 10 km) to 1051.3 km.
This result is in close agreement with the theoretical posi-
tion (1051.9 km) according to the boundary layer theory of x—x1)2  (y—y)?
Schoof(2007). Switching from the HOM solver to the FS C =C’ |:1—0.5exp<— 55— — 5 )] (43)
solver, however, does not change the GRL position anymore 2x; 2y;

significantly, neither does an extension of the HOM/FS do-
main from 250 km up to 900 km.

In the second experiment, the bedrock is downward slop-
ing with a central trough:

the horizontal resolution is 5km and the accumulation is
set tor,. =0.5ma! (Fig. 9a). A Weertman-type sliding
I?w (Eq.20) is applied as basal boundary condition, modi-
Lhed with an additional basal sliding reduction in the model’s
domain centre according to
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with €' =10"Pant¥/3s¥3, m =1, x; =300km, x; =  developed by5oeller etal(20133, providing a sophisticated
100km,y; = 100 km, andy; = 10 km (this reduction is sim-  concept for the evolution of a large-scale subglacial hydro-
ilar to those applied ifPattyn et al.2013. The ice is sur- logical network, which interacts with the ice sheet by modi-
rounded by nunataks in the south, west, and north and afying the basal boundary conditions. Second, a sub-grid scale
ocean in the east. We appl§ (dx = 0 at the western ice di- Lagrangian-tracer module, allowing to track tracer propaga-
vide, free-slip boundary conditions along the southern andion through the ice, which assists with the interpretation of
northern nunataks and the dynamic boundary conditions acthe origin and age of ice coreSiftter et al.2013. All men-
cording to Eq. 25) at the ice—ocean boundary. First, the tioned applications and modules are summarised in Table
model is run with the coupled SIA-SSA solver and a tran- Several numerical ice flow model codes have been de-
sition zone of 50 km (imposing the heuristic condition out- veloped over the past years. In particular, the more recent
lined in Sect4.4 at the grounding line) until a steady state is FE approaches to solve the FS equations, as implemented
reached. Within the transition zone, the SIA and the SSA soin the ISSM (arour et al, 2012 Seroussi et a/2012 and
lutions for the velocity field are interpolated. The final steady ELMER/ICE (e.g.Zwinger et al, 2007 Gillet-Chaulet et al.
state of this control experiment is shown in Fg, indicating 2012, are very promising. Their ability to adjust the spa-
the ice’s geometry as well as the vertically averaged horizon4tial grid resolution with respect to the area under investi-
tal velocity. gation is very useful. Their main drawbacks are currently
Thereatfter, (first) the HOM solver and (later) the FS solverthe computational resources needed, which prohibit long-
are applied to the region, indicated in F&y.As a result the term projections on millennial timescales, and that (at least
grounding line advantages from 356 km to 398 km (HOM) to the author’s knowledge) there is no general concept of
and 408 km (FS solver), respectively, in this synthetic exper-moving grids, which could adjust along a migrating area
iment. Pattyn et al.(2012 2013 and Drouet et al.(2013 of investigation. To our knowledge only ISSM has the po-
already discussed the limitations of the SIA—SSA approxi-tential of coupling models of varying orders of complexity
mations with respect to grounding line migration and pointed(SIA/SSA/HOM/FS) Seroussi et al2012).
out that a high spatial resolution would be necessary to map Well-known FD thermomechanically coupled ice sheet
the whole dynamic behaviour of transient states in ice sheemodels are the Community Ice Sheet Models (CISM, based
models. on GLIMMER; Payne 1999 Rultt et al, 2009 Bougamont
However, in ice sheet/ice shelf models on a continentalet al, 2011, Lemieux et al. 2011), the Parallel Ice Sheet
or even global scale and on long timescales (millennia), aMlodel (PISM;Matrtin et al, 2011 Winkelmann et a].2011),
high spatial resolution (below 10 km) and a FS solver, whichthe PennState3D ice-sheet/shelf model (PenStatealyrd
consumes significant more computational resources than thend DeContp2012) and the Simulation COde for POLyther-
SIA-SSA approximations, might be too ambitious at presentmal Ice Sheets (8oPoLIs Greve 1995 Sato and Greve
With respect to the large uncertainties of other atmospheri2012. A recent overview about the most up-to-date ice sheet
and ocean modelling issues, like boundary conditions and pamodels is given bindschadler et a(2013. All these mod-
rameterisations, the drawback of the SIA-SSA approxima-els have proven their flexibility in several applications. How-
tion might be tolerable for most large-scale applications.  ever, none of these coupled SIA-SSA models has the option
to simulate selected domains (e.g. the vicinity of grounding
lines or ice streams) within a larger (e.g. continental scale)
7 Conclusions area with a (potentially migrating) FS approach.
With RIMBAY we provide a versatile open-source ice dy-
We have shown, that IRBAY is capable of reproducing re- namics model to the scientific community. The code is not
sults of previously published experiments and benchmarkparallelised yet (apart from the LIS), and can be run even
tests (upper part of Tablg). In addition, RMBAY has al- on common single-processor Linux or Unix systemsvR
ready been successfully applied in many very different sceBAy can be redistributed and/or modified under the terms of
narios in recent years. These applications range from highthe GNU General Public License as published by the Free
resolution FS modelling of ice flow across subglacial lakesSoftware Foundation, either 3rd (or any later) version of the
(Thoma et al.201Q 2012 in studies concerning the interac- license. RIMBAY fills a gap between several demands of the
tion between ice sheet, ice shelf and the ocean with a couice sheet modelling community, because it combines (a) the
pled SIA-SSA solver@etermann et al2012 2014 Pattyn  simplicity of a finite difference model, which can be run on
etal, 2013, to coupling RmBAY with the Community Earth  a single processor, with (b) the option to model selected re-
System Models (COSMOSRBéarbi et al, 2013 and the Vis-  gions with a HOM or FS model, and (c) the potential to apply
coelastic Lithosphere and Mantle model (VILMA§gnrad
et al, 2013 2014, which calculates the isostatic adjustment  5the GNU licence can be found bttp:/www.gnu.org/licenses/
of a spherical Earth to (ice-)surface loads. gpl. However, please be aware that the solver library LIS is released
Two additional modules are implemented withinMR  under theBSD Licenseand that the code based on the Numerical
BAY, broadening its versatility: first, th@ater layer concept  Recipes (NR) is copyrighted.
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Table 1. Validation and applications of the ice sheet/shelf modei#ay . The FS experiments appear as validation as well, as there is no
explicit benchmark available. The two FS validations differTasma et al(2010 extended the originally linear flow law used Bwattyn

(2008.
Topic Resolution (km)  Solver Grid  Reference
Validation
- Huybrechts et al(1996; Payne et al(2000);
Eismint 50 SIA A&C g eler et al(2005 2007
Iceberg 1 SSA A&C Jansen et a(2005
ISMIP-HOM 5to0 160 HOM A Pattyn(2003; Pattyn et al(2008
Full Stokes (lin. rheol.) 2 FS A Pattyn(2008
Full Stokes (nonlin. rheol) 251010 FS A  Thoma et al(2010
MISMIP 10 SIA/SSA A Pattyn et al(2012)
MISMIP3d 5t0 20 SIA/SSA A&C Pattyn et al(2013
Applications
Subglacial Lake—Ice Sheet Interaction
Model coupling 2.5t010 FS A Thoma et al(2010
Vostok Subglacial Lake 5 FS A Thoma et al(2012
Ice—Ocean Interaction
Model coupling 5 SIA/ISSA A Determann et a2012
Application to the FRIS domain 10 SIA/ISSA A  Determann et al2014
Earth System Modelling
Iterative coupling with @smos 20 SIA A Barbi et al.(2013
Glacial Isostatic Adjustment 10to 25 SIA/ISSA A  Konrad et al(2013 2019
Optional Modules
Balance water layer concept 5 SSA A Goeller et al(20133
Tracer propagation 50 SIA A Sutter et al(2013

Table 2. Acronyms.

CISM
Cosmos
FD

FE

FS

FRIS

gmres

GRL

GMT

HOM

IPCC
ISMIP-HOM
ISSM

LIS

MISMIP

NR
PenState3D
PISM
RimBAY

SIA
SICOPOLIS
SSA

umMcC
VILMA
WAIS

Community Ice Sheet Model
Community Earth System Models
finite difference
finite element
full Stokes
Filchner—Ronne Ice Shelf
generalised minimal residual
grounding line
generic mapping tools
higher order model
Intergovernmental Panel on Climate Change
Ice SheetModel Intercomparison Project for Higher-Order Models
Ice Sheet System Model
Library of Iterative Solvers
Marine Ice Sheet Model Intercomparison Project
Numerical Recipes
PennState3D ice-sheet/shelf model
Parallel Ice Sheet Model
Revised Ice Model Based on frAnk pattYn
shallow ice approximation
Slmulation COde for POLythermal Ice Sheets
shallow shelf approximation
unstable manifold correction

Viscoelastic Lithosphere and Mantle model

West Antarctic Ice Sheet

Geosci. Model Dev., 7, 121, 2014
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the numerical model (with small effort) to new synthetic or 4 (1 — fad) Al [(VMJr vl)(le:f_i_ HIHY
realistic scenarios. Typical computational times needed by

RimBAY for some representative applications are given in —(Vi—1+vi)(H,-t+1+H,»’f11)]
AppendixC.

Based on the specific needsMBAY can be applied eas- = r,, At [(Dj41+Dj)(Bjs1— B))
ily to new scientific issues and is easy extensible because of 2(Ax)?
well-structured interfaces. It provides a broad spectrum of —(Dj_1+Dj)(Bj — Bj_1)]

applicability and functionality and could therefore contribute At
to solve the pressing questions of global climate change. T+ fadz(A—y)z [(Dis1+4 Di)(Biy1— B;)

—(Di 1+D')(B‘ —Bi_1)]

Appendix A 1 +H 1+ L+ H
pp + (1= fu) 1+ . i+
Ice evolution: continuity equation + foaH'+ MAt . (A2)
The finite difference formulation of Eq3{) for the ice thick- ~ The subscriptg and j which do not change within a spe-
ness evolution is cific term are omitted. The averaging &f’ on the right-
hand side corresponds to a numericak schemaliffusion
Hi+L_ gt and stabilises the otherwise unconditional unstable numeri-
A cal scheme (e.gPress et al.2007). Sorting Eq. A2) with
D (HM_HY D (I H’*l) respect toH,.f/.Jrl acgording to the npde positions indicated in
_ ¥ J+z T+ J =3~ 1 Fig. 4 and separation of the diffusive and advective parts ac-
ad (Ax)2 cording to
+1 +1 +1 +1
iy Diyy(HYi —H") =D 4 (H™ — HZ) Ci = faaCf + (L= fa)C} (A3)
a
(Ay)? leads to the following coefficients:
U.H* —Uu. . H'™ A
I3 j+3 J=37j-3% cd—_ D -+ D:
+(1_fad) Ax 1 2(Ay)2( i+ Di-1),
V. 1Hz+1 V,_ Ht+l d_ At
i+5 E C; =— D'+D'—17
+ (L= fad)— ’“A = 2 2<Ax>2( i+ Dj-a)
b 5 B'y b 5 & cd =14 2Dj+Djy1+Dj_1 2Di+Diy1+D;_1
s it o T2 (Ax)? (Ay)2 ’
(Ax)? cl__ Ao
Dy, y(Biyi—B)—D,_y(Bi—Bi1) | 4 ———Z(Ax)z( j+Dj+1),
+ fad (Ay)2 +m, (A1) y At
Y C8 =~ 5ayy2 (Di + Disn).
where the (diffusive) fluxe9j+% :=(Dj41+D;)/2 are de- . At
fined on the edges (half way) between nodes. In Bq) ( C1=- 4Ay Vit Vi1,
subscripts and j are omitted if they are constant in a spe- At
cific term. The expanded form is Cs = 4A (Uj+Uj-1),
Hi+ ca_q4 A (Uin=Ui1 Visa—Via
At s 4 Ax Ay '
f”dZ(Ax)Z [( 1+ D H = HiT) Co=+ - (Uj+Ujta),
~(Dj_1+ Dy)(H — HIH ] At
(Pjat DU = Him) €6 =+ ga, Vit Vi),
— fatgress | (D1 + DOHET = HIT
“o(ayyz LT L b =faa | C3 (Bj = Bj-1) = C§ (Bjr1— B))
—n. . t+1 _ pyt+1
(Di-1+ Di)(H,; H._l)] +C[11 (Bi—Bi—l)—Cg (Bi+1—Bi)]
t+1 t+1 1—
F A fad) g [ Wy b up L+ HE P (L)
—(Uj_l +up)(H 4 H] ¥ faaH' + AL, (A4)
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c4 =0,
O =2 o —p
: 5 — Z(A )2 ( l-‘rl)
Cl —0,
: At
Cs5=——4U; ,
. I .I . I 2 4Ax !
i—1 I i+1 co g4 A (8U =401 AVin—8V:
s 4 Ax Ay ’
Fig. Al. Extrapolation of ice thicknes& at open boundaries. ce —0
4 —
co—+ 2l gy,
These coefficients represent the non-zero elements of a sin<> — + 4Ay

gle rown for each;; element of the matrix,,,, while b,
represents the right-hand side of E42j.

Boundary conditions have to be formulated at the edges of
the ice body. In case of open boundaries, the unknown value
Y¥i+1 is virtually extrapolated from the interior.

Vit1=2yi — Yi-1
An example for the ice thickneds is illustrated in Fig Al. . : . ; _
Substitution of the ice thickness, the velocityu;, the dif- '€ Pplied. In this case the ice thicknés.y, the normal

fusion D;, and the ice botton® on the eastern edge accord- velomty_uH%, and the dlfoSIOI’]DH_% vanish in Eq. _'\64)'
ing to Eq. @5) as well as on the southern edge according/ltérnatively we can express the unknown valig 1 with

bu = fad | C4 (B — Bj-1) — C& (Bisa— By
1- fad
(1]

Tt z+1)
+ fugH' +mAt. (A7)
(AS)

If the ice adjoins a nunatak, closed boundary conditions

to I//j:]_ = 2y ; —j—1in Eq. (A2) results in the highlighted Vi +Vis1
modifications: Vipp=—7p =0 or
Hit Vitr=—Vi . (A8)
At 41 41 Substituting the ice thickned$; 1 = 0, the velocityU; ;1 =
~ Jad 2(Ax )22(Df — Dj-)H; = HiTy) —Uj, the diffusionD; 11 = —D;, and the ice bas&, 1 =
At i1 i1 —B; on the eastern edge as well #s_1 =—H;, V,_1 =
— fad 1Ay )22(D,+1 Di)(Hi{y — H; ™) —V;, Di_1=—D;, and B;_1 = —B; on the southern edge
results in the highlighted modifications with respect to
A fad) g [BU; ~ Uy 0 @HI — HED Eq. (A2):

—(Uj_l +UHH H’ﬁ)]

+d- fad)

[(%+1 + VO (HE 4 HIY

—@Vi = Vi GH - Hi |

i+1

= fad5—52(Dj—Dj_1)(Bj —

2(A )2 Bj_1)

=+ foda 5——52(Dit1— D;)(Biy1— B;)

2(Ay )2
O+Hj ;+H/ ;40

aHt 1_a
+ faaH' + (1 — faa) 71

and consequently in
cé =0,

saz2(Di = Dj-1),
(Z(D] 1—Dj)
2 (Ax)?
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2(Djy1— Di) >
(ay?

+mAt,

(A6)

Hl‘+1
At t+1 _ g+l
~ fad g qeyz [0 (D1 DY — HID)]
At
~ fazea )2 [(D + D) (H] 1 = H*Y — 0]
FA= fu) g [0 Wy 1+ Up Y+ 1)
+ (U= fud) ga [+ Vi (] ~ ]
At
= fadm [0—(Dj_1+D;)(Bj — Bj—-1)]
At
+ fadZ(A—y)z [(Di + Di+1)(Bit1— Bi) — O]

O+H| ,+H/,,+0

H' +(1—
+fad +( fad) 1+1

+iAt,  (A9)

and consequently in

cd =0,
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At
C§=-—(D
2 2(Ax)2 (

14 Ar (D,-1+Dj
2 (Ax)?

j—1+Dj),
i Di+Df+1>
ay? )’

i +Djy1),

cd=——""_(p
5T 2ay)?

a _
1=0,

At
C3=——(Uj-1+U)),

A VitV
—1+ 2 (— + “) :
4 Ay

C§ =0,

Uj—l"rUj
Ax

; At
C5=+E(Vi+vi+1),

b =faa | C3 (B} — Bj-1) = C& (Bisa— By

1_2fad( L+ ,+1)

+ fuaH +mAt.

+

(A10)

Appendix B

Velocity: shallow shelf approximation

Reformulating Eq.16) and sorting with respect to the verti-
cally averaged velocitie§ andV leads to

d 4 U a d HBU _ g2y
ax \HH )y \HH

HBS 0 5 H8V d H8V
TPET e T (M dy dy %% )
0 oV a av 2

— (apH — (=) -
By('u 8y)+8x<u E)x) v

as o U a aU
=pgH—— —\2uH— | —— uH— ).

ax ax ay

B1
oy By (B1)
On the Arakawa C-grid (Fig3) the velocities are defined

in-between the thickness (and viscosity) nodes. Defining theE

17

U;, ,+1 U,j Ulj_Ul j-1

4";:1 VA e 451 J h

& X j
Uip1,j=Uij o

Avij i=3.J+3
05(Ay". + Ay,

: yz,] yt,j+1
05 (7 +87121) Ui

=pg-0.5-(Hij+ Hi j+1)

Ui j—Ui-1;
i+3.j+3 NG
+

Sij+1—Sij
u

Axi,j
Vii—Vie1

= 2% ;L

,j+1 ij

zj+l Vi —-1+1
Ayf

251 j+1

nitt Vi g Viyj+1—Vi-1,j
01 .1 3
i—3.,j+3 Xi—1.j

5 A
_ 2° 2 s — , (BG)
05( Ay +Av 1)

Vl/ Vz/ 1
A)”

tj+1 Vl J
AyH—l,_

Ayl.” i

VH»].,J i.
Ax

4€t+1 Jj 4€1 J

Vlj Vi -1/
AxF

—& 1 1

z+ =3
0.5 (Ax + Axl+1 1)
05 (B2 + B2 ) Vi

= pg-0.5-(Hjj+ Hit1)

l+ ]+7 i,j—1

+

Si+1,j = Sij
v

AYij

Uij—Uij-1
Ax};

Ui, j—
Ax

l+l] 1

2€i+l,j 251 Jj

i+1,j
v
AV j
Uibr,j=Uij  ox
i+3.j-3%

Ayr;
O.5<Ax .+ Axl+1j>

Uit1,j-1-Uij-1

l+ j+2 A‘lj 1

. (B7)

=3 (&) & jra+EirL) HErL 1)
E* 13T 3 (B +E 1t &L +Eio1j41),
1
i

=7 (& +& -1+ &L +HEir1j-1).

increments: i+3.-3
Definin
Axl; =05 (Axf 4 Axfh ), (B2) g
%—*
i +3.j+
Avp; =05 (A + axfty ). (B3) oy =TI eI
AXj Ay + Byl
Axy =05 (Axt )+ Axlly ), (B4) 2",
ol e §it1, i i+3.j+3
Ayf ;=05 (Ay,-lfj + Ay, /+1>, (B5) L Ay 1 Ax; + Ax,+1 i
k
and¢ := uH the finite difference version of EqB(Q) is w._ Sij u._ él*z J+z
AN Y2 S NH L AyE
X yi,j + yi,j+l
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2",

al = gi,f yv L ’+§*j_:?L
2= v 2 = H H ’
Ay Axij+ Axy

the coefficients according to Fi®1 and the forcing term

(on the right-hand side) are given by

u

Y2
C4 = ,
Ay;k—l,j
4au
Ci=—=2,
Axi,l-
cro_ T T S 7
H H * *
Axi’j+l Ax,’,/ Ayi’j Ayl._l’j
2 2
—-05- (ﬂi,j + 5i,j+1) ;
4’(1“
Ce=—72—.
Axiia
u
cu=T1_
Ayi’j
Sij+1—Sij
brun =pg-05-. (Hi,j + Hi,j+1) %
xi,j
204
1
N (Vij+1—Vic1,j+1)
i,j+1
205

+ A_IHJ (Vij = Vi-1))

"1
- —Ax;]_ (Vij+1—Vij)
1)
+—2— (Vicyj41— Vi-1j).
Axy
4aU
cy = —2
Ayl.’j
v__ V2
4 Ax;fj_l’
P P .. IO ¢ 13
L= _ _ _
Ayl AV Bx Axf
2 2
~05- (B2 +B21;)
Vi
CE = ,
°T A
4aU
Cy=—72—,
AYiy1j
S.+1‘ P S.’ .
by =pg-05-(H; ; + Hit1,)) %
Yi,j
20
1
T (Uit1,j — Uit1,j-1)
i+1,j
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—

xX,U,j

Fig. B1. Relative positions and numbering of nodes for the SSA.

208
+ i] (Ui-,J — Vi 1—1)
xi’j
Vi
T ax, (Uisa,j — Uij)
V2
+ m (Uig1,j-1— Ui j-1). (B9)

The lateral boundary condition along the ice shelf front is
defined adree slip and hence

iU aVv

Z_o 7 o, (B10)
ay ox

or

N: U,‘+1,j =U,',j ﬁ)/f =0in C174 andcg s

S:Ui-1,j=U;; = )/2” =0in Cg anng ,
EVijt1=V; = y; =0inCg andCsg ,
WV, 1=V =yy =0inCj andC¢ .

In case ofno slip boundary conditions, the flow on the
boundary is zero, and hence

Uivd,j+uij —0 Vit1,j Vi j -0 (B11)
2 2

or

N: w1, =—uij =y =0inC% and 2inCg ,

Siui_1j=—u;j =y, =0inC3 and 2inCg ,

E: Vi, j4+1= —Vij = Vlv =0in Cé} and 2 inCé’ ,

Wivj1=—v;; :>y2”=0in CZ and2inC§ .

Appendix C

Typical CPU wall-clock times

Typical CPU times needed byiRBAY for some representa-
tive applications are given in Tab@L.
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Table C1.Typical CPU wall-clock times consumed to simulate typical domains with the specified numerical complexities.

Domain Numerics Resolution Integrationtime CPUtime Reference

(km) (yn (order)
Continental wide
Antarctica SIA 40 16 1h Sutter et al(2013

20 1 day Sutter et al(2013

SIA/SSA 40 2 days Sutter et al(2013

Greenland SIA 20 16 2h P. Gierz (personal communication, 2013)
Regional
WAIS SIA/SSA 20 14 12h H. Konrad (personal communication, 2013)
Lake Vostok SIAIFS 10 16 1h Thoma et al(2012
Lake Vostok SIAIFS 5 1060 5 days Thoma et al(2012
FRIS SIA/SSA 10 18 1h Determann et a(2014
Siple Coast SSA 10 o 10 min S. Goeller (personal communication, 2013)
Synthetic
Eismint SIA 25 14 1h Konrad et al(2013
Synthetic Bay SIA/SSA 10 10 5min Konrad et al(2014
Iceberg SSA 1 19 10s Fig.6

2 1 10 min Fig.7
ISMIP-HOM  HOM 4 13 2min re-calculating the 160 km experiment frétattyn(2003
ISMIP-HOM  HOM 1 1¢ 30 min re-calculating the 160 km experiment fr&®attyn(2003
Mismip SIA/ISSA 5 14 3h Pattyn et al(2012)

*: about 30 percent of the whole domain (the lake and its vicinity) is calculated with a FS solver, note that there is no ice evolution in this experiment, only the ice temperature
evolves over time.
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