Effects of model resolution on ice shelf-ocean boundary layer
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Abstract

First, we investigate simulated ablation rates in a set of idealized ice shelf-ocean experiments with eleven different turbulent transfeh
coefficients ([t and s ) and five flux balance formulations. These pre-existing formulations were developed from observations, laboratory
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/Three types of meltwater mixing were tested in order to move the meltwater away from the interface. The model domain stayed the same (ISOMIP
domain 2). In case of ISOMIP forcing, the model run for 30 years, and the time-average of the last year is used in this analysis (same as in part 1 of the

experiments, small-scale modelling and theoretical study of the ice-ocean boundary. In the present idealised numerical study, the mean ablation ) . ) _ ) \
rate in warm cavity scenarios varies between 2.1 and 4.7 m year?, and in cold cavity scenarios between 0.03 and 0.17 m year!. The range of project, experiments are called warm and cold cavity). In case of ISOMIP+ forcing (OceanO and cold forcing; warm and cold cavity+) the model run for 5
uncertainty in ablation rate is 0.07 m year? in cold cavity experiments and 1.43 m year? in warm cavity experiments. years, and the time-average of the last year is used in this analysis (e.g., Gwyther et al., 2020). High ocean mixing case was tested with the same 12
: : : o P : _
Next, we compare effects of mixing strategies in the boundary layer. 7 and Isnot only directly determine the ablation rate, but have effects on experiments. In these tidal experiments, the northern boundary velocity is clamped to be 0.1 ms™ with M2 period, and (4 =0.1.
fresh water distribution in the ocean boundary layer. High /s values develop deep mixed layers, while low lt/s values stratify the top ocean grid — — —
cells. Thus the ocean boundary layer structure directly depends on vertical resolution in the ocean model and how well the mixing scheme can KPP Mixing KPP Mixing and ISOMIP+ mixing and
ipe . . . . ) ) .. i . . Flux Spreading into 20 m 20m mixed layer modification
handle the stratification effects. Without changes in vertical resolution, here we test counter effects of meltwater production, tidal mixing, ice shelf The experiments are grouped as follows (Table 2):
basal roughness and mixing schemes.  The first set is a repeat of Control experiment mixing: a0 % Control_KPP_c % Control_Flux_c % Control_ISOMIP ¢
\ / spreading of surface heat and salt fluxes into the top cell 235 | Q Control_KPP_w Q Control_Flux_w Q Control_ISOMIP_w
and further KPP mixing. —_
" " . i i =R + + +
MOdeI deSCrl ptIOn The second set of experiments employs spreading the § ic—_) % Control_KPP_c+ % Control_Flux_c+ % Control_ISOMIP_c+
heat and salt flux evenly over top 20m of water column 2 |5 Control_KPP_w+ | 5 Control_Flu w+ | & Control_ISOMIP_w+
and further KPP mixing. = = =
We have used the Met-ROMS (Naughten et al., 2018), which consists of the Regional Ocean Modelling System (ROMS v.3.7, Shchepetkin and * The third set employs constant mixing coefficients for N Mixing_KPP_c N N
McWilliams, 2005) coupled to the Ice Shelf model (Galton-Fenzi et al., 2012; Naughten et al., 2017). The model domain (ISOMIP domain 2, Asay- stable vs. unstable conditions and modifying tracer o |2 Mixing_KPP_w 2 I\'\/f_"‘_'”g—FFI'“X—C = l\'\/l"_"‘,'”g—l'g’gm';—c
. . . . . . . . e ey . . . . . - - IXIN X W IXin W
Davis et al., 2016; Hunter, 2006, based on Grosfeld et al., 1997), has 24 vertical levels; mixing, diffusion and advection schemes, and its initial and diffusion coefficients to create a well-mixed layer o § 2 2 8- TTHx- 2 8- -
boundary conditions are identical to Gwyther et al. (2015, 2016). For the cold cavity scenario, the ocean surface is restored towards potential (following ISOMIP+ and ROMS modifications in Gwyther g'§ . . .
temperature -1.9°C and salinity 34.5. For the warm cavity scenario, the ocean surface is relaxed towards +0.5°C and 34.6 (Gwyther et al. 2015, et al., 2020). £ 2 % Mixing_KPP_c+ % Mixing_Flux_c+ % Mixing_ISOMIP_c+
2016). The lateral boundaries are closed. Simulations were run for 30 years for the first part of the project, and the time-average of the last year is © 3 Mixing_KPP_w+ 3 Mixing_Flux_w+ 3 Mixing_ISOMIP_w+
used in this analysis.
Drag : Flux Balance: - , Table 2. Experiments description and naming convention.
Coefficient Turbulent transfer coefficient Holland and Jenkins (1999) Tl;rh]s e:pe?n}ents are gr(?cu pedlés IOIIOWS-
* € Tirst set of experniments replicate —— Control KPP —— Control Flux —— Control ISOMIP - -- Mixing KPP - - - Mixing Flux - - - Mixing [SOMIP
5 g C’E Velo.city—dependent transfer coefficient CE § g g 5:2; ? ?'? % c%’ ;E:_.g g experiments from Gwyther et al. (2015)
SRR ey ey ~ a:‘ibl; 25 =lo 2l va Constant 25l g 255585 5/SE  with highest (Control_HD), lowest 460 __ Cold cavity _ Coldeavity + _ Cold cavity Cold cavity +
~ — — —_ = o ! & -
LollEagctlcgcgSntalEl 2% R gl 2 82 &L 11| <] (Control_LD)and “commonly-used” ! i
Name o | 1 ;5'85'523532§%r,§rmg@w <> = |28 8| RIE=Fees 2 . h h
SIS REslEgEE R 2828 ggEs g % 28| gl 588 unEl g (Control)values of the drag coefficient Cj. ol b I
-1 8 o8 g Bldewael ool ez B (228322228 = : -480 - A\ Rt :
& § S g 80‘? e ;50;5 2 y g = af'i o & S ”E 2El s % §§°§ E ;g: The second set of e?<per|ments (Gamma) W ! ", Both strategies of meltwater
87 g7 2:% =3 S88 é o § o B a2 g & é § W %g;{:’\ 2\ | covers It/s e>.<pre55|ons gathe.red from a ool ‘t::\ '.‘l.‘. \\\ mixing are successful in creating a
3 5 ; ; S g 2= I T8 8 2 E range of.studles that use varying \‘\\‘\\ {\“\‘ \\\\ mixed layer next to the interface
“ S | = & assumptions of turbulence and " (Fig.3). ISOMIP+ mixing (red lines)
Control HD v v v stratification (the exact formulations of L0 W Ny W 1 creates sharper transition from
. . = W H W
Control v v v FT/S are provided in Table S1). gf W i ‘\‘\\ the mixed layers to the ocean
Control LD | ¥ : : - “ 1+ In the third set of experiments (Balance) 540 1 Wy S i below then Flux Spreading due to
Eaiance ; ; ; y we apply various expressions for heat flux o W N large differences in stable and
alance . ] .. Vi (AN v . .
Balance 3 Y y y through ice shelf (Q¢) combining Holland 560 ny B . unstable  coefficient  values.
Balance 4 v v v and Jenkins (1999) formulations with A U \‘ Generally meltwater mixing leads
Balance 5 v v v additional options available in Met-ROMS. W ' to warmer and saltier values in
G 1 v v v -580 Vi - . 1
AL Ve . the top ocean cell.
Gamma_2 d d v Vi “ .. .
i . Ocean mixing experiments
Gamma_3 d d v -600 | | L . . )
Gamma 4 y y ; 225 22 215 2.1 -2.05 342 3425 343 (dashed lines) show larger
Gamma_5 v v v meltrates, thus colder and fresher
Gamma_6 v v v d 460 Warm cavity Warm cavity + profiles not just next to the
Gamma_7 / / / / | | | | interface, but in deeper layers too.
Gamma_8 ! ! ! ! Ocean mixing experiments do not
Gamma_9 v v v v v . . . 480 - - ]
Gamma 10 P p ~—| Table 1. Experiments description (part 1 of produce a mixed layer next to the
Gamma 11 v v , | the project). The chosen parameterization is ice shelf base with KPP mixing,
marked with ticks. -500 and do not make the mixed layer
deeper in experiments with
. : 570 | meltwater mixing (where the
[ 1,5 parameterisation effects g mixed layer already exists without
A sa0l I tides). Possibly experiments with
/ All experiments follow the general principle that large values of FT/S represent high ablation rates (Fig.1) and low gradient of temperature\ ) larger prescribed velocities and/or
and salinity in the boundary layer. In general, higher ablation is associated with fresher and colder meltwater. Low mixing of the boundary layer, surface roughness will show a
associated with low I /5, dampens both the heat flux from the ocean towards the interface (i.e. lowers ablation rates) and the salt flux from the -560 ¢ I mixed layer formation.
interface towards the ocean (i.e. traps meltwater close to the interface meaning strong stratification). Simulations show that the resulting area-
averaged AT ranges from -0.13°C (Control_LD) to -0.02°C (Control_HD) for cold cavity conditions; and from -0.80°C (Control LD) to -0.15°C -580 -
(Gamma_3) for warm cavity conditions. AS ranges from -2.84 (Gamma_8) to -0.27 (Control_HD) for cold cavity conditions; and from -10.38
(Gamma_8) to -0.67 (Gamma_3) for warm cavity conditions. Experiments with lowest I /s resulted from parameterisations with high values of R, -600 ' ' ' - ' '
. . _ 2 -15 -1 -0 4 4.2 4.4
similar to those observed under sea ice (R=50 within the range of recommended values of Notz et al. 2003) and modeled for balances calculated Temperature T:mperature o> 0 Salinity ’ Saliniy ’
at the interface (R=90, Keitzl et al., 2016b).
Figure 3. Profiles of temperature and salinity at the center of the cavity (melting
K. Potential Temperature LoLb Salinity location). All horizontal scales are different. The water column depth is 900m.
' * ' ' ' ' ' ' ' * 9 Figure 1. Summary values taken as spatial mean over the cavity:
=0T o g i ad potential temperature in (a) cold and (e) warm cavity conditions;
§0'14 T %0 §°'14 e & salinity in (b) cold and (f) warm cavity conditions; I in (c) cold and Meltwater miXin and ablatiOn rate
%O"z . . %0"2 . C (g) warm cavity conditions; I5 in (d) cold and (h) warm cavity g
g " m O g " . d conditions. For temperature and salinity plots interface values are
= 0.08 < 0.08 - . . . . . . 4.
£ ool 2 o filled, and ocean values are unfilled. Grey shading indicates distinct / Figure 4. Summary values taken as spatial mean over the cavity: potential temperature and salinity. ISOMIP and ISOMIP+ forcing is \
o ' a 1 i . . . .
< ol s . <l . | sgroups associated with I values. plotted separately. Filled markers represent ocean mixing experiments.
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- 0 . O leads to lower velocities. Temperature Temperature Salinity Salinity
g — :8 VRV C: T '7‘8 — 3-40 ” Tidal velocities and C; have only indirect effect on mixing
ST e ’ T T T ; = through calculation of u,, and those external velocity The initial and boundary conditions vary significantly between ISOMIP and ISOMIP+. In Part 1 of our project, the model is initialized with -1.9°C
o) *7 . . . . . .
g Gamma_T h Gamma_S - forces have to be sufficiently strong to override the and 34.-4 p§u. Restoring the SUchi:lCG of oceap ocean doe§ no.t immediately p.rowd.e sc?t.Jrce of heat in t.he cavity. The warmer wat.er eyentually enters
5 = 5 . = “trapping” effect. the cavity in the eastern part (right-hand side of plots in Fig.2), but there is a significant delay of signal closer to the grounding line. In contrast,
~ 45 ) ~ g5 ) Q initializing the water column with warmer waters already in the cavity, and providing 3-D restoring next to the northern boundary provides the
§ ° § ° <. ocean layers in most of the cavity with a source of heat right after the model initialization. Thus, meltwater mixing experiments showed different
g | . * E | * ® < changes in the meltrate various initial conditions (circles in Figure 4). ISOMIP initial conditions lead to a decrease in meltrates when meltwater
::; 35F . . § 35t :. spreading is added: there is no warm water in the cavity. Lower initial meltrates lead to less developed buoyancy-driven circulation, further
5 sl : g ,f - lowering the meltrates. Using ISOMIP+ initial condition, we saw the same effects as described in Gwyther et al. (2020): applying enhanced mixing in
= s . = . . the boundary layer allowed ROMS model to be in contact with those warm waters and resulted in increased meltrates. Experiments with ISOMIP+
<z m < 2. mixing used large values of vertical diffusivity and created more pronounced mixed layers (compare red and green lines in Figure 3), thus they also
2’1(;_5 o 2 o — . showed larger increase in meltrates. However, in ocean mixing experiments (filled squared in Figure 4) the results are not as clear. In cold cavities,
Gamma_T [ms ] " Gamma_$ [ms '] " meltwater mixing can both increase or decrease the meltrate. In warm cavities, the meltrate decreased for both ISOMIP and ISOMIP+ forcing. It is
§pat|al ablation rate glls'Frlbutlons are a prgduct O.f the mglt-mduced buoyancy force that drives the boundary layer flow. Simulated likely that the importance of buoyancy-driven circulation development decreases once the model has an external source of circulation. But the
ablat.lon rajce patterns are similar to those shoer in previous st.udl.es (HoIIand.et al., 2.008; Dansgreau et .a!., 2014; Gwyther e.t ?I., 2015, 2016), relative values of “tidal” and “buoyancy-driven” velocities need to be investigated further.
despite being produced under a range of ablation parameterizations. Experiments in cold cavity conditions show three distinct patterns of The ”source of heat” is likely the cause of lower ablation rates in ISOMIP+ experiments compared to ISOMIP experiments. In ISOMIP+
spatial distribution of ablation and associated I7,s values (shown by the grey shading in Figure 2). An example of an experiment with high experiments, the warmer ocean waters (+1°C) are positioned in lower part of the ocean, imitating inflow of CDW into the cavity. In ISOMIP
values of 7,5 shows high ablation in the southeast corner and freezing along the western boundary (Gamma_3 in Figure 3a). Such examples experiments, warm water (+0.5°C ) is located on the ocean surface and likely fills the cavity entirely by the end of the experiment. Exact pathways
resemble results with tidal dynamics from Gwyther et al. (2016). Experiments with medium values I/ (e.g., Gamma_1 in Figure 3b) show a of heat over the whole model run need to be investigated to determine the feedbacks.
transitional ablation rate pattern with a small area of freezing in the northwest and highest ablation in the southwest. Experiments with lowest Ocean mixing experiments (Fig. 4, filled markers) expectedly showed larger meltrates, as we have used a velocity-dependent Gamma_3
values of I /s show enhanced ablation rates along the western boundary (e.g., Gamma_7 in Figure 3c). parameterization. In all warm cavity experiments, meltwater mixing combined with ocean mixing lead to larger meltrates than Mixing_KPP (no
Experiments with warm cavity conditions generate two patterns of ablation. Experiments with high and medium I /s show high ablation meltwater spreading). In cold cavity experiments, the ablation rate values are much closer, and cold cavity experiment Mixing_ISOMIP_c showed
Figure 3d,e). As I7/s decreases, so does the ablation rate along the inflow in the east (e.g., Gamma_7 in Figure 3f). Exceptions are limited to meltwater mixing strategies have the same goal, some additional feedbacks associated with using the KPP mixing are likely to affect the result.
Control LD and Gamma_8 (Figure S3-56), where ablation rates do not show significant easterly enhancement. Thus the ablation pattern in the . . .
velocity-dependent ablation parameterization is determined equally by I/, Cgq, and U,. ConCIUS|On and researCh prIOFItIeS
a Gamma_3 b Gamma_1 c Gamma_7 ) _ o _ ) ] o _
- = e 0.3 Currently published ablation parameterisations have been largely based on calibration under sea ice. We have tested parameterisations in
2. 02 O the idealised ice shelf-ocean model to assess the uncertainty range of these models. The models have a widespread in simulated ablation rates for
-] all scenarios, both in value and in spatial distribution. Presently none of the parameterizations can be recommended for universal use and fitting
%; / 0.1 : modelled meltrate over a cavity to observations may provide the right numerical predictions in present day conditions but have little skill as ocean
= 0078 0 o conditions change. Undertaking a standardised suite of observations of the ice-ocean boundary layer in a variety of ocean conditions would help
— 0.1 E_ to resolve the disparity between observation and simulation. For example, direct observations of characteristics and evolution under conditions
02 < with different ocean velocities and boundary roughness types in both warm and cold ocean cavities are recommended.
0.3 Further experiments of idealised ice shelf-ocean cavities may be beneficial to our understanding of the interplay between meltwater
d Gamma_3 e Gamma_1 . .. . _
5 production and ocean mixing schemes. Our research plans include:
_ _ g * \Vertical resolution in the ice shelf cavity — how can we account for the volume of the ocean cell that receives the meltwater?
Figure 2. Maps of ablation rate for &
experiments in cold (top) and warm 2 E e Horizontal resolution in the ice shelf cavity — can tidal forcing interact with small-scale basal features?
. .y e =
: = 0 . . . . : .
(bottom) cavity conditions: Gamma_3 (a, d); = Q * Maximum possible tidal forcing and very high boundary roughness — can they ever create a mixed layer?
Gamma_1 (b, e); Gamma_7 (c, f). Note the — <
change in color bar between cold and warm 5 * Tracer of warm water experiments — what is the path of heat into the cavity and how long does it take?
cavity experiments. : . - -5 * Evolving ice shelf base experiments — are feedbacks significantly large ?
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