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Surface mass balance (SMB) is the builder of the Greenland ice sheet and the driver of ice
dynamics. Quantifying the past, present and future state of SMB is important to understand the
drivers and climatic processes that control SMB, and to both initialize and run ice sheet models which
will help clarify sea level rise, and how likely changes in ice sheet extent feedback within the climate
system.

Regional climate models (RCMs) and climate reanalysis are used to quantify SMB estimates.
Although different models have different spatial and temporal biases and may include different
processes giving significant uncertainty in both SMB and the ice sheet dynamic response to it, all
RCMs show a recent declining trend in SMB from the Greenland ice sheet, driven primarily by
enhanced melt rates. Here, we present new simulations of the Greenland ice sheet SMB at 5 km
resolution from the RCM HIRHAMS. The RCM is driven by the ERA-Interim reanalysis and the
global climate model (GCM) EC-Earth v2.3 to make future projections for climate scenarios RCP8.5
and RCP4 .5.

Future estimates of SMB are affected by biases in driving global climate models, and feedbacks
between the ice sheet surface and the global and regional climate system are neglected, likely resulting
in significant underestimates of melt and precipitation over the ice sheet. These challenges will need
to be met to better estimate the role climate change will have in modulating the surface mass balance

of the Greenland ice sheet.
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1. Introduction

The Greenland ice sheet is famously the second
largest land ice mass on the planet, containing around
2.85 million km?® of ice over an area of 1.71 million km?
equivalent to 7.2 m sea level rise (IPCC, 2013). Results

from remote sensing missions such as the GRACE
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gravimetry satellites indicate a recent significant
negative mass budget, with around -234 =20 Gt of net
mass (Barletta et al.,, 2013) being lost each year including
both the contribution from precipitation and surface
mass balance and the dynamic contribution of calving
from icebergs and submarine melt (Shepherd et al., 2012).
The surface mass balance component is by far the most
important component of the mass budget since it
includes both positive (accumulation by precipitation)
and negative (melt and runoff) terms, though around one
third to one half of the mass lost by the ice sheet is from

calving glaciers (Enderlin et al., 2014).
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Table 1 : Comparison of surface mass balance components calculated for the present day using different models. Note that, as
Vernon et al. (2013) point out, these models also have different resolutions and different ice masks, so that the numbers are not quite
comparable. Therefore, we include in the right most column values from that study that compare the RACMO and MAR models
using the same ice mask and forcing data, though with differing model resolution.

Model Mean annual surface | Mean annual precipita- | Mean annual runoff Mean annual surface
mass balance (Gt year™) | tion (Gt year™) (Gt year™) mass balance (Gt year™)

1960-2008, from Vernon
et al. (2013)

HIRHAMS

(1980-2014) 360134 866 =70 446 =109 —

(this study)

RACMO

(1991-2015)

(van den Broeke et al. 306 120 712+70 363 +102 470

2016)

MAR

(1980-2015) 480+ 87 711+61 220+52 432

(Fettweis et al,, 2016)

SMB is not only important in itself, but is also
important for ice sheet modelling studies where SMB, or
the degree day approximation of it based on temperature
and precipitation, is used to drive ice sheet dynamics.
We thus use high-resolution regional climate models to
clarify both the current state of the ice sheet surface
mass balance and its future prospects under climate
change scenarios with the aim of also providing SMB
forcing for dynamical ice sheet models.

Previous work on Greenland ice sheet mass balance
has used the regional climate models MAR and RACMO
as well as HIRHAMS to determine the present-day and
future surface mass balance (Lucas-Picher et al, 2012;
Rae et al, 2012; Langen et al., 2015). Other models, such
as SnowModel (Mernild et al, 2009) or Hanna et al.’s
(2013) dECMWF model are not strictly regional climate
models, but use either model output to drive a separate
snow scheme (SnowModel) or use statistical methods to
downscale output that is then used to calculate SMB
based on temperature index methods (dECMWF)
(Church et al, 2013).

These models have previously estimated the mean
annual SMB to be in the range 340 to 470 Gt per year (see
Table 1), though note that both forcing data, time period,
resolution as well as processes and ice mask all vary in
these estimates, and this can have a significant effect on
any one models SMB estimate when compared to the
others, as shown by Vernon et al. (2013). An earlier
version of HIRHAMbS showed an average annual SMB of
188 Gt year™! over the whole ice sheet for the period 1990

to 2008 (Rae et al,, 2012). However, this version was run
at a coarser resolution of 25 km and with a significantly
simplified snow model to calculate surface mass balance.
Our current version of HIRHAMS is run at 5 km
resolution and was used by Langen et al. (2015) to show
regional changes in Greenland. Here we use a further
updated version of the model (Langen et al, 2017) to
calculate SMB across the Greenland ice sheet and to
make future projections when forced with a global
climate model.

The high resolution of the HIRHAMS model in this
set of simulations means that we can assess the
performance of the model on both the narrow ablation
zone and on small outlet glaciers and peripheral ice caps
without needing to statistically account for elevation
changes, as performed for example by Noél et al. (2016).
Results by Langen et al. (2017) show that the model
performs well in these marginal areas, even without
elevation correction, when compared with ablation and
weather station measurements predominantly in the
ablation zone compiled by Machguth et al. (2016).
Similarly, analysis by Schmidt et al. (submitted) shows
that the model works very well over the small Icelandic
ice cap Vatnajokull, which is analogous to peripheral
glaciers in Greenland. At the present day up to 10% of
the mass loss from Greenland is currently contributed by
these small glaciers and ice caps (Bolch et al., 2013) and it
1s therefore important to be able to account for their
surface mass balance correctly in model projections.

In this study we use a separate dataset of shallow
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firn cores from around the accumulation zone in
Greenland compiled by Buchardt et al. (2012) to evaluate
how the model performs at higher elevations. In the
future, dynamically driven changes in ice sheet altitude,
due to increasing melt rates and projected increases in
precipitation, will likely have important feedbacks on
both orographic precipitation and melt rates. In this
sense the use of highresolution simulations offers
additional value in both identifying and quantifying
feedbacks between ice and atmosphere.

The combination of surface mass balance modelling
with estimates of total mass budget derived from both
altimetry and flux gate calculations (Rignot et al., 2011)
and the satellite gravimetry mission GRACE offers the
possibility of estimating the relative importance of
surface mass processes and calving dynamics (Shepherd
et al, 2012). In this paper we focus on the surface mass
budget contribution both at the present day and in the

future.

2. Regional climate model HIRHAMS5

In this study we use the latest version of the RCM
HIRHAMS5 (Langen et al, 2017) for a domain covering
Greenland, Iceland and parts of Arctic Canada (Figure 1).
The RCM was developed at the Danish Meteorological
Institute (DMI) (Christensen et al, 2006) from the
HIRLAMY7 numerical weather prediction model (Eerola,
2006) and the ECHAMSb global climate model (Roeckner
et al, 2003). The model is very similar in set-up to that
fully described in Langen et al. (2015, 2017) and Lucas-
Picher et al. (2014) run on a 0.05°x0.05° rotated polar
grid for a 35 year period (1980-2014). For the present-
day simulations HIRHAMS was forced on the lateral
boundaries by the ERA-Interim reanalysis product (Dee
et al, 2011) every 6 hours. On the lower boundary, sea
surface temperatures (SSTs) and sea ice concentration
were statistically interpolated from the ERA-Interim
data format to the model resolution and prescribed daily.
The model runs freely within the boundaries and only
temperature, pressure, relative humidity and wind
velocities are used in lateral boundary forcing. The
current set-up of HIRHAMS5 has 31 vertical levels in the
atmosphere, 5 vertical levels in the soil, including

glaciers and snow and a 90 second dynamical time step. A

Figure 1 : The domain, topography and ice mask used in all
HIRHAMSbS simulations for Greenland.

32 layer snow pack model is applied offline over glacier
points to calculate surface mass balance using more
detailed snowpack processes (Langen et al, 2017; see
below). The topography of Greenland is taken from
Bamber et al. (2001), and it should be noted that although
snow is allowed to accumulate without limits over
glaciers and ice sheets, the elevation of the ice sheet
surface remains fixed during the simulation such that
there are no feedbacks between surface mass balance
and ice dynamics. The ice mask used in this simulation
is updated from that used by Langen et al. (2015) to that
produced by Citterio and Ahlstrem (2013) with additional
data for Iceland provided by the Icelandic Met Office
(Figure 1).

Using this same set-up we also forced HIRHAMb on
the lateral boundaries with fields from the EC-Earth
v2.3 GCM (Hazeleger et al, 2012) in order to produce
future climate simulations of the surface mass balance of
Greenland. In this set-up, EC-Earth was run at a
resolution of 125 km using the historical emissions and
RCP4.5 and 8.5 climate scenarios in the CMIP5 set-up
(Taylor et al,, 2012). Both the lateral boundaries and the
ocean SSTs and sea ice were provided by the driving
GCM to the HIRHAMbS model for downscaling experi-
ments. The future projections were run as transient 20
year time slices for the mid and end of the 215t century

using RCP4.5 and RCP8.5 scenarios, as well as a
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simulation using historical emissions for the period 1991-
2010, used as a control run to assess performance of the
EC-Earth model at the present day.

Prior to running the simulations, the inclusion of the
full snowpack model as detailed below meant that an
adequate spin-up was required in particular for the snow
and ice properties to reach equilibrium with the climate.
For this purpose we ran the HIRHAMS model for one
year, and then used the atmospheric output to run the
surface scheme offline repeatedly until decadal means of
runoff and subsurface temperatures ceased to show
transient variability (in this case, after 70 years of
simulation time).

The full details of the surface mass balance
calculation in HIRHAMSD are given in Langen et al. (2017),
but a quick summary is given here to assist in
Interpreting results. Surface mass balance is calculated
from the sum of the precipitation and the runoff (a
negative term). Runoff is calculated from the melt of
surface snow and ice, accounting for the effects of
retention and refreezing within any snowpack that
overlies the glacier ice. Rain on snow is similarly
accounted for, though rain on bare ice is assumed to
runoff directly. There is currently no runoff routing
scheme from the model and therefore no superimposed
ice formation on bare glacier ice. However, with the
introduction of a sophisticated firn model, processes now
include densification, snow grain growth, snow state-
dependent hydraulic conductivity, superimposed ice
formation at the base of the snow pack on glacier ice, and
irreducible water saturation. The accommodation for
water retention in excess of the irreducible saturation
means that formation of both perennial firn aquifers and
perched ice lenses occurs within the snowpack (Langen
et al, 2017).

The HIRHAMS surface scheme uses a standard
energy balance scheme to calculate the melt of snow and

underlying glacier ice:

Qm:Sin(l - a’)"’Lz‘n - Lou[+ QH+ QL

_ @
M= ol (1)

where @ is the total energy flux at the surface, Si» is the
incoming shortwave radiation, a is the surface albedo, Lix

and L.: are the incoming and outgoing longwave

radiative fluxes, respectively, and @r and Q. are the
sensible and latent heat fluxes. As the skin tempera-
ture cannot rise above the freezing point of 273.15° K on
a glacier surface, the excess energy is instantaneously
used for melt, M, accounting for the density of water, ow,
and the release of latent heat, L.

Meltwater and rain that falls over glaciers are
grouped together in the model as the liquid water
fraction. Where there is a snow layer overlying the
glacier surface, the liquid water percolates into the
deeper layers according to a given threshold of
irreducible water saturation and, if there is a sufficient
cold content, refreezes within the snowpack. In the
sub-surface scheme over glaciers, there are 32 layers of
unequal thickness of snow or ice or some combination of
the two depending on the depth of surface snow. The
thickness of the layers in the subsurface scheme over
glaciers or snow-covered land is calculated in metres of
water equivalent to allow for the easy calculation of mass
change, with different heat diffusion and conductivity
parameter values used for water, ice and snow within
the snowpack. As surface melting and rainfall occur,
the water percolates into the lower layers and retention
is calculated by allowing liquid water in excess of the
density-dependent irreducible water saturation within
the layer to percolate to the layer below. Ice is formed
in the snowpack layers based on the “cold content” in
each layer. The cold content determines how much
liquid water can freeze within that layer based on the
energy required to heat the snow and ice mass to the
freezing point in each layer. This is used to instantane-
ously freeze as much liquid water as is available or as the
cold content allows, within a single time step. This
mass is then transferred to the ice fraction and the
temperature of the layer is calculated taking into account
the latent heat release to conserve energy.

As the subsurface scheme extends to a depth of 60
metres water equivalent (mwe), if there is less than 60
mwe snow on the glacier surface then the layers of the
subsurface scheme have the properties of ice. No
percolation of meltwater is allowed through ice layers,
but energy fluxes are diffused through all the layers.
We assume that the ice layers from the glacier coming
into the column at the base of the subsurface scheme

have a temperature equivalent to the annual mean
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Figure 2 : Comparison of observed SMB from shallow core data compiled by Buchardt et al.
(2012) with modelled values from the ERA-Interim forced simulation and the historical

emissions scenario of EC-Earth.

temperature of that grid square location.

As Langen et al. (2017) discuss, the albedo of the
model is one of the largest sources of uncertainty in the
mass balance estimate. In the simulations we present
here, we use the internally derived albedo scheme,
rather than an externally forced albedo product based on
MODIS as also described in Langen et al. (2017). This
allows us to make a direct comparison of the present-day
SMB with the future projections where data such as
MODIS is of course unavailable. The albedo scheme in
the model has a cold (< —5°C) snow albedo of 0.85,
linearly decreasing to 0.65 as temperature increases
from —5°C to 0°C. The albedo for bare ice is fixed at
0.4 with alinear function for thin (<3 cm) snow between
the two values. Broadband values lower than 0.4 do
occur as shown in measurements at the PROMICE
automatic weather stations (van As et al, 2016) and
MODIS data products (Stroeve et al., 2006). Similarly,
freshly exposed ice can have much brighter values for
surface albedo, but the values in the current scheme
were optimized over the ice sheet by Nielsen-Englyst
(2015). Langen et al. (2017) show that significant biases
still persist in albedo values over the ice sheet; however,
partly due to processes such as dust accumulation and
biological activity that are not currently included.
Recent work by Stibal et al. (2015) demonstrates the
importance of microorganisms and melted out dust on
the Greenland ice sheet, and the development of

appropriate parameterizations is an area of active

research.

The HIRHAMS5 model performance is comprehen-
sively evaluated in Langen et al. (2015, 2017) using
weather station data, shallow firn cores and historical
SMB observations from Machguth et al. (2016). Their
results show that the model performs extremely well
over Greenland, reproducing air temperatures and
accumulation rates well on average. However, some
biases in radiation suggest that cloud cover or cloud
optical thickness may not be fully captured in the model.
Similarly, HIRHAMbS is not able to capture deep cold
inversion layers over the ice sheet, and evidence from
Fausto et al. (2016) suggests that during extreme melt
events, such as were observed in 2012, the model
underestimated the sensible heat flux by up to 75% in
some locations.

Analysis of the same ERA-Interim simulation by
Schmidt et al. (submitted) over Icelandic glaciers shows
that HIRHAMS also performs well over small glaciers
and ice caps, particularly with regard to accumulation
rates. However, Schmidt et al. (submitted) also identify
that orographically forced precipitation is overestimated
on the upslope with a possible small dry bias downwind.
This is a common problem in hydrostatic models where
the dynamical scheme means that precipitation is
handled diagnostically (Forbes et al., 2011).
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3. Results and discussion

3.1 Surface mass balance

In Figure 2 we complement the model analysis of
Langen et al. (2017) by comparing observed surface mass
balance from stake measurements and shallow firn cores
(Buchardt et al, 2012) with those calculated from the
same grid cell in HIRHAMb. Figure 2 shows that the
model is able to reproduce the pattern of SMB over the
ice sheet when forced with both ERA-Interim (R?
=0.898) and EC-Earth (R?=0.895), though with a very
slightly more pronounced dry bias in the historical
simulation. For this comparison we took the decadal
mean SMB from firn cores that cover all or part of the
Although
the model reproduces the observed SMB pretty well, it is

period of the ERA-Interim driven simulation.

important to note that observed SMB rates are
determined by short- and medium-term climate variabil-
ity that may not be captured by climate models, thus
leading to the poorer fit against these point measure-
ments. This point is underlined in Table 2 where there
are large differences in SMB calculated on a decadal
timescale and compared across the full 1980-2014
simulation period. However, note that in Table 1 the
total SMB for Greenland is close to, but not exactly the
same as comparable simulations using other RCMs.

As we plot both model simulations against the same
core data for comparison, it is interesting to see that the

pattern of high and low accumulation rates across

Table 2 : SMB calculated using the ERA-Interim driven
simulation in different decades and overall. The choice of
period can make a large difference in the estimated annual
mean SMB.

Period Mean annual SMB
(Gt year™)

1980-2014 360=134

1980-1990 375+130

1991-2010 346132

2000-2014 277101

Greenland are reflected in both simulations (see also
Figure 5), but the magnitude differs slightly with the EC-
Earth historical run having a generally lower value.
This suggests that in the accumulation zone at least, both
models have a dry bias, though that in the EC-Earth
simulation is somewhat stronger. Observational data
from the south-east of Greenland, the region with highest
precipitation, are too sparse to assess how well the model
reproduces it. For the only core data we have from
south-east Greenland, the model under-estimates SMB in
both simulations, though to a lesser extent in the ERA-
Interim simulation. More observations in this region
would be helpful in both evaluating the model and
comparing results from this simulation with other

models.

3.2 Surface mass balance components
Figure 3 shows the surface mass balance of
Greenland as a whole for the period 1980 to 2014. There
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Figure 3 : Annual mean components of surface mass balance for the present day in the

ERA-Interim simulation.
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Figure 4 : Annual mean components of surface mass balance for a) the historical emissions
simulation, and the end of the century under b) RCP4.5 and c¢) RCP8.5 scenarios.

1s a strong declining trend in SMB in the most recent
decade driven largely by increased melt and runoff rates.
The interannual variability is however also large and
shows the importance of long time series in analyzing the
SMB trends. There has also been an increase in rainfall
events over Greenland, though this is barely discernable
over the whole ice sheet. However, work by Doyle et al.
(2015), analyzing the ERA-Interim simulation, shows that
in western Greenland, rainfall events occurring more
frequently at higher altitudes over the ice sheet have a
distinct impact on the dynamics of the ice sheet.

Comparison between Figures 3 and 4a shows that
the EC-Earth historical simulation underestimates
snowfall across the whole ice sheet compared to ERA-
Interim; however, melt rates are also lower and these
two components compensate for each other to some
extent when estimating total SMB. Note that the firn
core observations in Figure 2 are confined to the higher
accumulation zone where differences in melt and runoff
rates between the two historical period simulations are
minor.

Figures 4b and 4c show the end of the 215 century
under two different climate scenarios. A comparison
between Figures 3 and 4b show that under the RCP4.5
scenario, the model expects a similar, though still higher
mean annual SMB to that of the last decade in ERA-
Interim, with both higher precipitation and higher melt
rates than the historical simulation. It is important to

note that in Figure 5 both the pattern of precipitation

and melt appear comparable with that given by the
ERA-interim simulation, suggesting that EC-Earth does
not simulate significant changes in circulation.

There is a documented bias in EC-Earth v2. 3, which
is colder in the Arctic region during the historical period
than observations suggest (Hazeleger et al., 2012). This
is partly attributable to a larger area covered by sea ice
than observed and possibly also to the albedo scheme in
Greenland (Helsen et al, 2016) in the standard EC-Earth
set-up. Ongoing work to couple EC-Earth to an ice
sheet model (Madsen et al., in preparation) may improve
this in the future.

On the other hand, the sources of high melt rates
observed over the ice sheet in recent years appear to be
persistent blocking high pressure systems that may
simply reflect internal variability within the climate
system (Fettwelis et al,, 2013). Although recent work by
Hanna et al. (2016) suggests that some of the recent
increases in persistent anomalies could be a climate
change signal, analysis of data from a wide range of
climate models within the CMIP5 archive does not seem
to indicate this is an expected signal of climate change.
The higher SMB in the EC-Earth simulations suggests
that the cold bias in EC-Earth observed historically in the
Arctic persists through the 21%t century. Assuming
that the ERA-Interim driven SMB is accurate, it
suggests that the EC-Earth climate simulations may be
under-estimating the rate of climate change in the Arctic

over this century. However, the much lower SMB in
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Figure 5 : SMB, precipitation and the number of melt days for the ERA-Interim and historical
emissions scenario as well as the end of the 215t century RCP4.5 and RCP8.5 scenarios.

the RCP8.5 simulation at the end of the 21° century
reflects a much greater enhancement to Arctic warming
in the higher RCP8.5 emissions scenario.

The change in ice sheet SMB expected under
climate scenarios RCP4.5 and RCP8.5 both show
increased precipitation and a significant increase in melt
compared in melt rates compared to the historical
simulation. These increases are scaled by scenario so
that RCP4.5 has a lower increase in melt than RCPS8.5.

Table 3 summarizes the projected change in SMB
for the mid-century and end of the century simulations
for the two different climate scenarios. The plots in
Figure 5 show that, while the precipitation pattern
remains similar through the projections, the melt area
will expand, particularly in western and northern
Greenland and over the saddle region in the south, with
the magnitude of this expansion determined by the
scenario. The increase in precipitation projected by the
model is largely confined to the south-east, with a very
small increase in northern Greenland, this represents an
intensification of existing precipitation patterns.

One potential source of uncertainty in this study is

the fixed ice sheet mask during the simulations.

Table 3 : SMB from historical, mid-century and end of the
century simulations for two different climate scenarios,
RCP4.5 and RCP8.5 dynamically downscaled from EC-Earth
using the HIRHAMS set-up. Note that the historical emissions
scenario is used for the period 1990-2006 and RCP4.5 for the
remaining four years.

Mean annual surface mass balance (Gt
year™)
Simulation |y ieal | RCPAS RCP8.5
period
1991-2010 492+94 — —
2031-2050 — 460 £79 414 +65
2081-2100 — 418109 19399

Neither the ablation — elevation feedback, which leads
to lowering of the ice sheet margin and thus increased
ablation rates, nor the potential migration of orographic
precipitation as the ice sheet margin retreats are
included. Similarly, with high ablation rates, the lower
ablation zone and peripheral glaciers will be lost at some
point, but these are still in the ice mask at the end of
century when SMB is calculated in these simulations.
This suggests that the very low annual SMB under
RCP8.5 may be an understimate. Further analysis of

the difference between ice sheet and peripheral glaciers
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is required to account for this. A dynamical ice sheet
model run coupled with the climate model is also
required to answer these questions fully, and sensitivity
experiments planned for future work will also help to

determine whether these effects are important.

4. Conclusions

In this paper we present a summary of the present-
day surface mass balance in Greenland. Our results and
those reported in Langen et al. (2017) show that the ice
sheet and peripheral glaciers are well represented at the
present day, but biases from global climate model forcing
underestimate the amount of melt and precipitation
currently in Greenland compared to reanalysis driven
simulations.

In the future, downscaling global climate model
simulations suggest that an increase in melt and runoff,
only partially balanced by a small increase in precipita-
tion, is likely to lead to increasing mass loss from the ice
sheet, with the total magnitude determined by the
forcing due to greenhouse gas emissions.

The small size of peripheral glaciers means that
many of them may disappear entirely in this century.
However, the fixed ice mask in this simulation means
that neither the changing distribution of ice nor
elevation-related feedbacks such as ablation area in-
crease due to declining elevation, nor precipitation
migration due to changes in orography, are considered

here. These are areas for future study.

Data availability

HIRHAMS5 simulation output is freely available at
http: //prudence. dmi. dk/data/temp/RUM/HIRHAM/
GL2 (or contact the authors directly).
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