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Brief communication: PICOP, a new ocean melt
parameterization under ice shelves combining PICO and a
plume model
— Response to reviewers —

Tyler PELLE et al.

January 24, 2019

We thank the two reviewers for their positive and constructive comments that significantly im-
proved the manuscript. While reviewing the manuscript, we found that we used the wrong temper-
ature and salinity input for the Amundsen Sea sector. The correct and updated input for this sector
is T = 0.47°C and S = 34.73 psu. As such, we ran PICOP with the correct input and updated the
figures and text accordingly. In Fig. 1, we updated the Pine Island ice shelf graphics that show the
blank ice shelf with the input, T, S,, and 7h. In Fig. 2, we updated the basal melt rate fields for
PICO and PICOP, as well as the shelf-wide means. The pattern of basal melting near the grounding
lines of Pine Island and Thwaites glaciers remained the same; however, melt rates away from the
grounding line decreased significantly as a result of decreased overturning. In addition to making
this change, we also address the reviewer’s remarks below point by point.

1 Reviewer #1

Proper recognition: This paper is presenting a coupling procedure between existing models. As
such, and considering that the authors of the original models are not coauthors, I think effort should
be made to properly recognize the original model authors. One way to do this would be to cite the
original model studies in the abstract. I note that both models are properly cited throughout the
paper, but doing this early and upfront will better recognize the original studies.

We agree with the reviewer and have cited both published models in the abstract of the manuscript.
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Comparison to R2013: For specific locations, comparison should be done to actual observations,
not just glaciological/ satellite-inferred estimates. You refer to them as “observations”, but there
are existing observations (e.g. APRES) which resolve basal melting better than a continent wide
estimate/survey. Even though this is a brief communication, it will not take much space to compare
to existing studies.

This is a great point and we agree that our validation of PICOP would benefit from comparison to
existing studies. We added additional comparisons in the discussion section.

Plumes coincide with ice velocities: Sometimes it’s necessary that in order to overcome technical
limitations, decisions must be made which may not be realistically accurate; this is a parameti-
sation after all. However, there should be some realistic basis to coinciding plumes with high ice
velocities. I think this should be explained more in depth. For example, it should be made clear
whether the relatively good agreement with Rignot 2013 is because you expect actual plumes (and
hence the high velocities and turbulence which drive melt rate) to be located in the region that your
parameterisation predicts. That stability can not be achieved with plumes being initiated with high
basal slope is disappointing; perhaps other initiation methods you tested could also be mentioned.
Essentially what I'm saying is: are you getting the right answer for the wrong reasons, and in which
case, would you expect these results to hold for future scenarios with evolving cavity geometry and
a different ice velocity. This choice requires more justification and physical reasoning, including
when this assumption could be expected to break down.

Physical justification and clarification of the choice to use ice velocities to advect grounding-line
heights has been added to the PICOP-methods section. A description of when this assumption is
expected to break down has been added to the discussion section.

Technical corrections:
PILS: capitalisation of Plume is not necessary.

Done.
PILI0: “awide variety” change to “several.” You only showed us 3 regions.
Done.

PILI2: “able to reproduce”. What you're referring to is “able to match Rignot et al., 2013”,
which I think could be more accurately stated by saying “able to reproduce inferred high melt
rates beneath” ...

We agree and changed the wording of this sentence.
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PIL21: periphery OF the AIS

Done.

PIL21-P2LI1: long sentence, consider splitting in half.

Done.

P7L2: “better agreement with observation than PICO, because PICOP.”
Done.

Figure 1: “on” in green box has mismatched font.

We changed the font in the green box of Fig. 1 to match the other boxes.

’

Table 1: in the External Quantity section, you have many “-” in the value column. I would change

the column header to “Source”, and then cite the study where you pull the quantities from e.g.
Far-field ocean temperature, etc.

Done. For quantities that are computed by PICOP from the input data, we specify which model
component calculates it (either PICO or the plume model).

Table 1: missing € value?

We added ¢ to Table 1.

2 Reviewer #2

A Brief Communication in TC might allow for a more superficial description of the various model
components, but to gain a thorough insight the reader is forced to read the original publications of

Reese et al|(2018) and|Lazeroms et al (2018)). Without doing so, one has to trust that the model

set-up is correct, the right parameters have been used, and a realistic forcing is applied.

We believe the text presented is suitable as a Brief Communication in TC because we couple two
existing, published models. Both models were implemented into ISSM without alteration (except
for the computation of the grounding line height in the plume model, which is described in the
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methods section), so we do not think it is necessary to restate the complete setup of both models.
Rather, the methods section provides an overview of the two models, guides the reader to the
appropriate sections of the original publications, and details the coupling between the two original
models. Forcing applied to PICOP was taken from [Reese et al| (2018) to facilitate comparison
between PICO and PICOP.

The only way left for evaluation is the comparison of basal melt rates (Fig. 5) for three different
ice shelf regions at the rim of the Antarctic Ice Sheet. The latter, however, bears some subjectivity
and might have tempted the authors to use the term “in excellent agreement”. However, first, the
authors “only” compare their results with one observation (Rignot et all [2013), which actually is
not an in-situ observation.

We agree that the validation of PICOP would benefit from additional comparison, aside from
(2013)). We added more comparisons in the discussion section of the text, including high
definition ocean modeling studies and in-situ observations.

It is not obvious to the reader which set of parameters has be used, what tuning has been applied
to reach this agreement.

Since both models were implemented without change from the original publications, the full list of
parameters that were used to implement PICOP are found in the original publications. There was
no tuning applied to PICOP; the only quantities that changed in the computation of the basal melt
rate fields for the three basins were the far field ocean temperature and salinity (taken from

et al] (2018)).

The agreement for Filchner-Ronne Ice Shelf (FRIS) is difficult to assess since an inappropriate
color scale is used. Various approaches show, and the results of Reese et al| (2018) greatly exag-
gerate, that refreezing occurs below FRIS. I hope it is only a matter of the color scale, since the
pattern shows promising.

We agree that the color scale used in Fig. 2 for the Filchner-Ronne Ice Shelf (FRIS) was not
appropriate, as it did not show refreezing and was also over-saturated. We changed the color scale
for the FRIS from log to linear, changed the color map to reduce saturation, and extended the
bounds to include refreezing in gray-scale. We note that PICOP does not model refreezing well
due to the lower bound applied to the ambient ocean temperature and highlight it as one of the
limitations of PICOP in the discussion section.

Melting at the ice shelf front can also not be resolved by PICOP, since it is a different process
which drives this frontal melting.
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The reviewer is correct, we removed this sentence from the text that incorrectly described the
frontal melt of the FRIS.

Specific comments:

PILI8: The term “upwelling” is not correctly used. In Physical Oceanography, “upwelling”
means the vertical displacement of deep water masses towards the surface, caused by the prevailing
winds, e.g., at the Antarctic Divergence, off Namibia, etc. Here, it is the spreading of mCDW onto
the continental shelf and, sometimes, into the fringing ice shelf cavities.

This is a good point and we changed the manuscript to correctly describe this process.
P2L16: The name might be misleading, but PICO was NOT designed to reproduce the density
driven overturning circulation within sub-ice shelf cavities. The latter, however, was the intention

of the box model developed by Olbers and Hellmer (2010).

We changed the description to more correctly say that PICO simulates vertical overturning, as was

stated in|Reese et al.| (2018)).

P4L03: It is unclear where the ice depth-averaged velocity v is actually coming from — either from
the ice-sheet model coupled to PICOP or from observations. In addition, € is not listed in Table 1.

We added clarification at this point in the text; the depth-averaged velocity is taken from the ice-
sheet model. We also added ¢ to Table 1.

P4L07: Same for z, assumed to be taken from Bedmap?.

We added the source of input data to Table 1, which will clarify this to the reader. We also state
that we use geometry from Bedmap?2 at the beginning of the results section.

P4L27: The assumption that the ambient temperature in the ice shelf cavity T is equal or above
the surface freezing point is unfortunate, at least for cold cavities like FRIS and Ross Ice Shelf,
since the observations show temperatures well below T’y characteristic of Ice Shelf Water. This
assumption might lead to an exaggeration of basal melting in these cavities.

We highlight the lower bound applied to the ambient ocean temperature as a limitation of PICOP
in the discussion section. We also added a statement about how cold-cavity basal melt rates may
be over estimated by PICOP and reference FRIS in Fig. 2.

P5L12: The mean salinity for the Amundsen Sea of 34.86 is wrong, e.g., |Dutrieux et al.| (2014))

and seems to be a transposed digits since 34.68 makes more sense. Such high salinity causes a
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stronger overturning circulation and thus higher basal melting. Same for the southern Weddell Sea
continental shelf, where a salinity above 34.8 is only observed in the far western corner, which, I
have to admit, provides most of the shelf water fueling basal melting underneath Ronne Ice Shelf.

We recognize that these mean salinity values may be in slight disagreement with observations
(Dutrieux et al.| (2014) reports a mean salinity that is ~0.2 psu lower than our value used for the
Amunsen Sea sector). The mean temperature and salinity values used to force PICOP were taken
directly from Reese et al.|(2018) and we use them for the sake of comparison. In addition, we ran
PICOP with a mean salinity of 34.68 psu over the Amundsen Sea sector and found that the small
deviation in mean salinity did not have a significant impact on the modeled basal melt rates.

Table 1: Checking the constant parameters used in |Reese et al| (2018) one realizes that they
sometimes differ from those used for PICOP, which leaves the impression that Table 1 shows a
mixture of parameters used in the original models. In addition, the overturning strength C used
in|Reese et al|(2018) — Table 1 was a best-fit, which does not necessarily mean that a strength of
1 x 106 is also the best choice for PICOP. Finally, please explain why most units include °C but
the “freezing point-depth coefficient.”

We reorganized Table 1 to group constant parameters that are common to both of the original
publications and those that are unique to each publication. We recognize that the overturning
strength is a best-fit value for PICO and there may be a more appropriate value for PICOP. However,
we use 1 x 108 in our study for the sake of comparison between PICOP and PICO. Lastly, we
changed the units for the freezing point-depth coefficient to include °C rather than K.

Technical corrections:
PILOI: “basal melt” is the liquid resulting from ocean induced ice shelf “basal melting” — please
use the latter term.

Done.

PILI11 - and the following: The term Filchner-Ronne Ice Shelf is widely recognized, e.g. in Reese
etal (2018).

We changed the name of this ice shelf from Ronne-Filchner to Filchner-Ronne in the text.
PIL2]: “... along the periphery OF the AlS....”; sentence too long, split in two.
Done.

P3LOS: Temperature 'T" and salinity S are already used for the far field temperature and salinity. |
suggest omitting “with temperature 'I', and salinity S”.



170 Done.

171 P7L21: “... are projected to change within the coming century, ... ” needs a reference.

172 Done.



173

174
175

176

177
178

179

180
181

182

183

184

References

Dutrieux, P., De Rydt, J., 1 Jenkins, A., Holland, P., H.K., H., Lee, S., Steig, E., Ding, Q., Abra-
hamsen, E., and Schréder, M.: Strong Sensitivity of Pine Island Ice Shelf Melting to Climatic
Variability, Science, 343, 174—178, https://doi.org/10.1126/science.1244341, 2014.

Lazeroms, W. M. J., Jenkins, A., Gudmundsson, G. H., and van de Wal, R. S. W.: Modelling
present-day basal melt rates for Antarctic ice shelves using a parametrization of buoyant melt-
water plumes, The Cryosphere, 12, 49-70, https://doi.org/10.5194/tc-12-49-2018, 2018.

Reese, R., Albrecht, T., Mengel, M., Asay-Davis, X., and Winkelmann, R.: Antarctic sub-shelf
melt rates via PICO, The Cryosphere, 12, 1969-1985, https://doi.org/10.5194/tc-12-1969-2018,
2018.

Rignot, E., Jacobs, S., Mouginot, J., and Scheuchl, B.: Ice shelf melting around Antarctica, Sci-
ence, 341, 266-270, https://doi.org/10.1126/science.1235798, 2013.



10

15

20

Brief communication: PICOP, a new ocean melt parameterization
under ice shelves combining PICO and a plume model

Tyler Pelle!, Mathieu Morlighem', and Johannes H. Bondzio!
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Correspondence: Tyler Pelle (tpelle@uci.edu)

Abstract. Basal meltmelting at the bottom of Antarctic ice shelves is a major control on glacier dynamics, as it modulates the
amount of buttressing that floating ice shelves exert onto the ice streams feeding them. Three-dimensional ocean circulation
numerical models provide reliable estimates of basal melt rates but remain too computationally expensive for century scale
projections. Ice sheet modelers therefore routinely rely on simplified parameterizations either based on ice shelf depth or on
more sophisticated box models. However, existing parameterizations do not accurately resolve the complex spatial patterns of
sub-shelf melt rates that have been observed over Antarctica’s ice shelves, especially in the vicinity of the grounding line, where
basal meltmelting is one of the primary drivers of grounding line migration. In this study, we couple the Potsdam Ice-shelf Cav-
ity mOdel (PI€O)-(PICO, Reese et al., 2018) to a buoyant Plume-plume melt rate parameterization (Lazeroms et al., 2018) to
create PICOP, a novel basal melt rate parameterization that is easy to implement in transient ice sheet numerical models and
produces a melt rate field that is in excellent agreement with the spatial distribution and magnitude of observations for a-wide
variety-of-several ocean basins. We test PICOP on the Amundsen Sea sector of West Antarctica, Totten and Moscow University
ice shelves in Eastern Antarctica, and the Renne-Filehnerice-shelf-Filchner-Ronne Ice Shelf and compare the results to PICO.
We find that PICOP is able to reproduce the-inferred high melt rates rearthe-groundingtines-of beneath Pine Island, Thwaites,
and Totten glaciers (on the order of 100 m/yr) and removes the “banding” pattern observed in melt rates produced by PICO
over the Ronne-Filehner-iece-shelFilchner-Ronne Ice Shelf. PICOP resolves many of the issues contemporary basal melt rate

parameterizations face and is therefore a valuable tool for those looking to make future projections of Antarctic glaciers.

Copyright statement. ©2018, all rights reserved

1 Introduction

Glaciers around the periphery of the Antarctic Ice Sheet (AIS) have undergone dynamic changes due to the upwelingspreading
of warm modified Circumpolar Deep Water (mCDW) onto the continental shelf and, sometimes, into sub-ice shelf cavities (e.g.,
Jacobs et al., 2011; Pritchard et al., 2012). This process drives enhanced basal meltmelting, which has the potential to reduce
the buttressing effect that ice shelves exert on grounded ice upstream (e.g., Rignot and Jacobs, 2002). As-this-upwelting This
spreading of mCDW is expected to increase along sectors of the periphery of the AIS due to the poleward intensification of
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the Southern Hemisphere westerly winds (Dinniman et al., 2012). As such, accurately parameterizing these basal melt rates is
necessary in making future projections of the AIS due to the large computational cost of two way ice-ocean model coupling.
Many early basal melt rate parameterizations (i.e., parameterizations based on the local heat flux at the ice-ocean interface
(DeConto and Pollard, 2016; Beckmann and Goosse, 2003) or on basal slopes (Little et al., 2012)) do not accurately capture the
impact of ocean circulation within sub-shelf cavities, which is a key control of basal melting. Two of the most recently published
melt parameterizations that resolve sub-shelf ocean circulation are the Potsdam Ice-shelf Cavity mOdel (PICO, Reese et al.,
2018) and one based on the physics of buoyant meltwaterptames—(Phime model, azeroms-etal;2048)ymelt water plumes
(plume model, Lazeroms et al., 2018). Although both parameterizations are novel in their own regards, melt rates calculated
by PICO suffer from unrealistic “banding” as a product of its box model approach and remain too low near grounding lines. In
addition, the Plame-plume model requires complete sub-shelf ocean temperature and salinity fields as inputs, and has not been
adapted to use in transient model runs. We overcome these limitations by combining both PICO and the Phime-plume model
to form PICOP: we rely on PICO’s box model to reconstruct the temperature and salinity fields beneath ice shelves based on
far field ocean properties and then use this reconstruction to drive the Plame-plume model, which calculates the basal melt rate
field. In this brief communication, we describe the physics used to derive PICOP and compare melt rates produced by PICO

and PICOP to observations by Rignot et al. (2013) in three basins of varying oceanic conditions and geometry.

2 Methods

2.1 PICO

PICO is a two-dimensional sub-shelf melt rate parameterization that was-designed-toreproduce-the-density-driven-overturning
eirewlation-within-simulates vertical overturning in sub-shelf cavities and is used here to produce ambient ocean temperature

and salinity fields (Reese et al., 2018). Inputs for PICO are the basin-averaged ocean temperature 71" and salinity .S and sub-shelf
ocean circulation is driven by the ice pump mechanism (Lewis and Perkin, 1986). Individual mesh elements or grid cells within
the model domain are assigned a box number based on their relative distance from both the grounding line and ice front. In
general, PICO solves for the transport of heat and salt between boxes in contact with the base of the ice shelf, starting at the
grounding line and ending at the ice front (boxes By for k = {1,...,n}, where n is typically less than or equal to 5). After
simplification and assuming steady state conditions, the balance of heat and salt in all boxes along the base of the ice shelf can

be written as:

i L
Q(Tk—l—Tk)—Akmkif =0
P ()
q(Sk—1—Sk) —Apxmip Sy, = 0.

Using a simplified formulation of the 3-equation melt model by Holland and Jenkins (1999), the transport equations can be
solved for salinity Sy and temperature T}, in box By, and are dependent on the local pressure pj, the box area Ay, and the

temperature T}, and salinity Si_1 of the upstream box By_;. The strength of the overturning circulation, g, is calculated once
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Figure 1. Schematic diagram of PICOP with example data displayed for the Pine Island ice shelf of West Antarctica. The inputs into the
parameterization are the basin averaged ocean temperature (°C) and salinity (psu), which are first fed into PICO (red box). PICO uses these
inputs to calculate the sub-shelf ambient ocean temperature and salinity fields, which are then used in the Phime-plume model (purple box).
In addition, the grounding line height is calculated at this time by solving the advection problem defined in the green box. Once these three

fields are fed into the Phime-plume model, the basal melt rate field is computed according to the steps outlined in the purple box.

per time-step in box B from the density difference between the far field and grounding line water masses:

=C(po —p1)- 2

Here, we do not use PICO’s melt rate parameterization but only use the sub-shelf temperature and salinity fields to drive the
Plame-plume model (Fig. 1). All constants and external parameters referenced in this paper are summarized in Table 1. For a

5 full derivation of PICO, see Reese et al. (2018).
2.2 Plume model

The Phime-plume model is a basal melt rate parameterization based on the theory of buoyant melt water plumes that travel
upward along the base of the ice shelf from the grounding line to the location where the plume loses buoyancy. The two-
dimensional formulation from Lazeroms et al. (2018) is adapted from the one-dimensional plume model developed by Jenkins

10 (1991) for a plume traveling in direction X with-temperatureF5-and-salinity-S-in an ocean with ambient temperature 7, and
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salinity S, (provided by PICO). We begin by defining the grounding line depth, z,;, over the entire ice shelf, as it is necessary
to determine where individual plumes originate in order to employ this parameterization. As a first approximation, we solve an

advection equation:

0 in Q

v -Vzg+eAzy
g g 3)
Zgg = Zgo onl
where zg( is the grounding line depth defined at the grounding line I', €2 is the ice shelf, and as a first approximation, v is

the tee-modeled, depth-averaged ice velocity. Note that € is a small diffusion coefficient introduced to minimize noise and

to provide numerical stability. We

attempted using other advection schemes, for example based on basal slopes, but the level of noise made these approaches

unpractical. As such, we make the assumption that the source of individual melt water plumes coincide with ice velocity. If
areas of ice convergence and divergence on a shelf are neglected, we generally expect for ice-shelf thickness to decrease as
we move from the grounding line to the ice front. Since melt water plumes are driven by buoyancy, it is then reasonable to
assume that for small ice shelves, the average trajectory of a plume would be from the grounding line to the ice front. As such,
using the ice velocity in the advection scheme to approximate the depth at which the plume originated is not an unreasonable
assumption as a first approximation. For larger ice shelves however, sub-shelf flow is affected by different mechanisms that
cannot be captured by a simplified parameterization, such as polynya variability. Note that for any given point 2 on the base of
an ice shelf, the grounding line height z, () associated with that point only describes where the plume originated; it does not
say anything about the path of the plume from zy;(2) t0 z.

In a second step, we correct zy; such that, if zy; is greater than the height of the base of the ice shelf, 23, then we set zg; = 2.
Compared to the algorithm used to determine z,; in Lazeroms et al. (2018), advecting grounding line heights is computationally
more efficient for higher resolution model runs because we do not have to search for multiple possible plume sources at every
point within a given ice shelf.

Now that z; is defined, we continue by computing both the characteristic freezing point T’ 4; and the effective heat exchange

coefficient I'7g as follows:

Trg = A1Sa+ A2 + )\3291 4)

T, — T} g « FEysina
A3 C;/zI‘TSO + Eysina

I'rs =TIt (’h + 72 @)

A geometric scaling factor g(a)) and length scale [ are defined in order to give the plume model the proper geometry

dependence and scaling according to the distance traveled along the plume path. The scaling factor and length scale are
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computed as follows:

. 1/2 . 1/2 .
o(a) = < sina . ) ( Eysina ) ( Eysina ) ©)
Ca+ Epsina C;/2FTS + Epsina CUI/ZFTS + Eysina
I To =T g o xoci/QFTs + Eysina . )
A3 To (C’;NFTS + Ey Sina)

The dimensionless scale factor ¢ used in the second term of | defines the transition-point between melting and refreezing and
is constant for all model results. For a complete explanation of the individual terms that make up these two factors, see section
2.2 of Lazeroms et al. (2018).

The length scale is then used in the computation of the dimensionless coordinate, X :

X=2" 2 - “ot ®)

Note that X =0 corresponds to the position of the grounding line and X = 0.56 is the aforementioned transition point, but
X =1 does not necessarily correspond to the position of the calving front due to the dependence of X on . In order to ensure
valid values of X , we set a lower bound for the ambient ocean temperature: T, > A1 S, + A2. The melt rate 17 is then calculated

as

= M(X)x M, 9)
where M (X ) is a dimensionless melt curve defined in Lazeroms et al. (2018) and M is defined as

M = My x g(a) X (Ty — T§ (Sa,zg1)) (10)

For a full derivation of the buoyant plume model used in PICOP, see Lazeroms et al. (2018).

3 Results and Discussion

We evaluate PICOP using geometry from Bedmap?2 (Fretwell et al., 2013) and far field ocean temperature and salinity values
averaged at the depth of the continental shelf between 1975 to 2012 (Reese et al., 2018; Schmidtko et al., 2014). Here, we
compare the modeled basal melt rates calculated by PICO and PICOP to melt rates inferred from conservation of mass and
satellite interferometry (Rignot et al., 2013), that we refer to as “observations”. Additionally, we compare the modeled basal
melt rate field of select ice shelves to in-situ observations and regional modeling studies. We focus on three regions: the
Amundsen Sea sector of the West Antarctic Ice Sheet, the Totten and Moscow University ice shelves of the East Antarctic Ice
Sheet, and the Ronne-Filehneriee-shelFilchner-Ronne Ice Shelf (FRIS). Model inputs for these basins are (-040.47°C, 34-86
34.73 psu), (—0.73°C, 34.73 psu), and (—1.76°C, 34.82 psu), respectively.

The spatial distribution of melt rates produced by PICOP is in significantly better agreement with observations compared

to PICO, especially in the vicinity of the grounding line where accurate melt rates are needed in order to correctly capture the
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Figure 2. Modeled (PICO and PICOP) and observed (Rignot et al., 2013) melt rates (m/yr) are displayed for the Amundsen Sea sector of
West Antarctica (including Pine Island, Thwaites, and Dotson ice shelves), Totten and Moscow University ice shelves of East Antarctica, and
the Ronne-Filehneriee-sheHFRIS. Note that the upper colorbar (Amundsen Sea sector, Totten, and Moscow University) is in log-form while
the lower colorbar (FRIS) is linear. Numerical values under PICO and PICOP are area weighted mean melt rates. The observed annual mean

melt rate is displayed under the observed melt rate panel.

glacier’s grounding line dynamics. In Fig. 2, we see that modeled melt rates produced by PICOP reach approximately +66-100
m/yr and 70 m/yr near the grounding line of Pine Island and Thwaites glaciers, respectively, as compared to approximately 40
20 m/yr by PICO. These high melt rates are a product of the deeply entrenched bed that both Pine Island and Thwaites glaciers

are grounded to. These bed depths are advected with the modeled ice velocity when z; is solved for, leading to high melt

rates that better match observations. Melt rates modeled by Dutrieux et al. (2013), constrained by high resolution satellite and
airborne observations of ice surface velocity and elevation, show melt rates on the order of 100 m/yr near Pine Island glacier’s
grounding line and 30 m/yr a short 20 km downstream. This sharp gradient in the melt rate field was reproduced by PICOP.
and will certainly have a major impact on the ice dynamics of this glacier.

A similar situation occurs under Totten ice shelf; melt rates modeled by PICOP reach a maximum of about 56-50 m/yr, while

those from PICO reach a maximum of approximately 26-20 m/yr. Simulated melt rates by Gwyther et al. (2014) show a similar
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attern of melt, with basal melt rates of approximately 50 m/yr computed near the upstream most portion of both Totten and

Moscow University’s grounding lines. Modeling these high melt rates is especially important in the-upstream-most-portion-this
region of Totten’s grounding line, where-as complex grounding line retreat has been observed over the past 17 years and has

been found to be strongly sensitive to changes in ocean temperature (Li et al., 2015). Over the Renne-Filehner-iee-sheHFRIS,
the inherent geometry dependence of PICOP reduced the “banding” that modeled melt rates from PICO displayed. This is
a significant improvement because as can be seen in Fig. 2, there is a very sharp gradient in the melt rate field computed
by PICO over the Renne-Filehneriee-shet-FRIS that would lead to unrealistic ice-shelf dynamics in transient model runs.
PICOP produces a smooth transition from high to low melt rates that better matches observations. Additionally,—significant

melt-was-computed-near-the-tee-front-ofthisiee-shelShelf-wide basal melt rate fields computed by three dimensional ocean
- ice shelf coupled models (e.g., Timmermann et al., 2012) show maximum melting (4.5 - 7 m/yr) near the deepest sectors of

the grounding line of Ronne glacier, agreeing well with PICOP. Site specific observations (e.g., Jenkins et al., 2010) show a

decrease in basal melting to less than 1 m/yr near the Kroff ice rise, which is apreduet-of-the-high-slopes-that PICOPeonsiders

when-computing-meltratesalso reproduced by PICOP.
In all three basins, area-weighted mean melt rates calculated with PICOP show significanthy-better agreement with Rignot

et al. (2013). The values reported in figure two corresponding to PICO differ from those used in figure 5 of Reese et al. (2018)
because we model these basins using a significantly higher mesh resolution (minimum element size of 566-500 m, maximum
of +6-10 km). By modeling Totten, Pine Island, and Thwaites ice shelves with a coarse mesh, only two boxes were defined for
these smaller shelves in Reese et al. (2018), and thus, a larger proportion of the ice shelf was modeled as the greunding-tine
grounding line box. Melt rates computed in this box are the highest across the shelf because no heat has been lost from the
ocean water by the addition of cold melt water, leading to higher mean melt rates when compared to those displayed in figure 2.
By using a finer mesh to evaluate PICOP, we are able to capture the fine details of the melt pattern, which are key in predicting
the evolution of grounding line dynamics, as well as maintain shelf-averaged melt rates that are in relatively good agreement
with observations. The mean melt rates ofPine-Istand——Thwaites;-and-Totten—for Pine Island and Thwaites ice shelves are

shightly-overestimated-(18:92-underestimated (10.25 m/yr -26-76-and 11.60 m/yrand-+2:30-m/yr, respectively), as calculated

melt rates are too low away from the vicinity of the grounding line. In addition, the mean melt rate for Totten ice shelf is slightl
overestimated (12.30 m/yr) when modeled with PICOP due to the strong grounding line advection used to compute 2 in these

regionsthis region. Over the Ronne-Filehner-ice-sheHFRIS, PICOP models a shelf-mean melt rate that is in better agreement
with ebservation-than-PICOdees-observations than PICO, because PICOP produces melt further downstream of the grounding
line as a result of its geometry dependence. In this sector of the ice shelf, PICO primarily computes refreezing (1 < 0), which
drives the mean melt rate down to 6-6+-0.01 m/yr.

While PICOP resolves many of the issues displayed in contemporary sub-shelf mate rate parameterizations, it is limited
by the assumptions that were made when both PICO and the Plume-plume model were originally derived (see Reese et al.
(2018) and Lazeroms et al. (2018)). In addition, when computing z4;, we assume-that-melt-water-plames—travel-in-the-same
dﬂeeﬁeﬁ%&mﬂeeﬁe}ee&yf&&m%fhaﬂﬂ%fh&dﬁee&eﬁeﬁm the gfeafe%Pba%a%%}epe—hfdemg—%e—W&mevﬁably
«depth of the plume origin at any
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point on an ice shelf could be found by following the flow of velocity upstream to the grounding line. Although a good first
approximation, we expect this assumption to fail in zones of complex basal geometry (i.¢. areas of convergent and divergent
ice flow) that would lead melt-water plumes to follow more convoluted paths. We also expect this assumption to fail in large
sub-shelf cavities, such as under the FRIS or Ross ice shelf, where plume paths are influenced by processes not captured by this

arameterization (i.e. sea ice and polynya variability, the Coriolis Effect that produces a clockwise sub-shelf ocean circulation

and tides). Finally, PICOP does not model refreezing well in cold basins due to the lower limit imposed on the ambient ocean
temperature. The ocean temperature output from PICO in cold basins (i.e. the Rorne-Filehner FRIS and Ross ice shelvesshelf)
falls below this lower bound, especially in the vicinity of the ice front, where the coldest ocean temperatures are modeled. As
such, melt rates computed in the coldest cavities might be over estimated and cannot be further improved unless this constraint
is relaxed, as discussed in Appendix A of Lazeroms et al. (2018). This is exemplified in the modeled basal melt rates produced

by PICOP in Fig. 2. Observations show patches of refreezing under the FRIS that are not resolved by PICOP as a result of this
lower temperature bound. Yet, PICOP remains an accurate and computationally efficient melt rate parameterization that can be

easily implemented into high resolution, transient ice sheet numerical models.

4 Conclusions

Here, we presented a new basal melt rate parameterization that is a combination of both PICO and a Plume-plume model. By
utilizing PICO to resolve the sub-shelf ocean circulation and produce ambient ocean temperature and salinity fields, we reduce
model inputs to only basin-averaged values. Additionally, the geometry dependence of the Phime-plume model produces melt
rates that show better agreement with observations in terms of both spatial distribution and magnitude than with PICO alone.
As-oeean-Ocean induced melting has been cited as a major driver of change for Antarctic glaciers and beeause-over the coming
century, enhanced spreading of mCDW onto the continental shelf is expected as Southern Ocean conditions are projected to
change within-the-eoming-eentary(Dinniman et al., 2012). As such, the improvements to the spatial distribution and magnitude

of modeled melt rates produced by PICOP, as well as the computational efficiency of this parameterization, offer a valuable

tool to more accurately make future projections of Antarctic glaciers.
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Table 1. €onstants-Constant parameters and external quantities referenced in this communication. Common parameters are those used in the

derivation of both PICO and the plume model. Unique parameters are from the derivation of the plume model, except for the overturnin
strength, which was taken from PICO. See Reese et al. (2018) and Lazeroms et al. (2018) for a full list of constants used to derive PICOP.

External-Quantity-External Quantity Symbet-Symbol

Far-field ocean temperature T —Ree:
Far-field ocean salinity S —Ree:
Ambientocean-temperature F—C-Ambientocean-temperatare-S—PSU-Local depth of ice shelf base 2z, —Fretwe
Local slope angle «@ —Geometry from Fretwe
Grounding line depth Zgl —Solve adve
Ambient ocean temperature Lo

Ambient ocean salinity S,

Basal melt rate m

Censtant Parameter Common Constant Parameters SymbetSymbol

Gravitational acceleration g

Density of ice Pi

Density of sea water Puw

Latent heat of fusion L

Heat capacity of sea water Cp

Unique Constant Parameters Symbol

Overturning strength C

Entrainment coefficient Ey

Drag coefficient Cq

Turbulent heat exchange coefficient C;/ 2FT

Freezing point-salinity coefficient A1

Freezing point offset A2

Freezing point-depth coefficient A3

Melt-rate parameter My

Heat exchange parameter C Oll/ 2I‘TsO

Heat exchange parameter Y1

Heat exchange parameter Y2

Bimentiontess-Dimensionless scaling factor Zo

Epsilon £
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