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Key Points:

» Greenland surface mass balance is projected atuskmg dynamical and statistical
downscaling.

e The surface mass balance becomes negative fagiamad warming of 4.5 + 0.3 °C,
compared to pre-industrial, and 2.7 £ 0.2 °C glgbal

* For a fully grounded Greenland ice sheet, this vimgrwould represent the threshold for
sustained mass loss.
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Abstract

Under anticipated future warming, the Greenlandstoeet (GrIS) will pass a threshold when
meltwater runoff exceeds the accumulation of smesuylting in a negative surface mass balance
(SMB < 0) and sustained mass loss. Here we dyndlynarad statistically downscale the outputs
of an Earth system model to 1 km resolution toritiiat a Greenland near-surface atmospheric
warming of 4.5 + 0.3 °C—relative to pre-industriak+equired for GrIS SMB to become
persistently negative. Climate models from CMIP8 @MIP6 translate this regional
temperature change to a global warming thresho®idf 0.2 °C. Under a high-end warming
scenario, this threshold may be reached around, 2%t for a strong mitigation scenario it

will likely not be passed. Depending on the emissiscenario taken, our method estimates a 6-
13 cm sea level rise from GrIS SMB in the year 2100

Plain Language Summary

Under continued climate warming, the Greenlandstoeet will pass a threshold if summertime
meltwater runoff outweighs winter snowfall, resofiin sustained surface mass loss. Here we
project climate model data onto a 1 km resolutiod tp show that the ice sheet will likely pass
this threshold for a 4.5 °C Greenland atmospheaieming relative to pre-industrial (1850-

1899), equivalent to a 2.7 °C global warming. Usadditional model projections under high,
middle and low emission scenarios, we find thatsiindace mass loss threshold could be passed
in the mid-2%' century under high-end warming scenarios, butyiket for strong mitigation

(low emissions) ones. The same method can be asstiinate sea level rise from Greenland
surface mass loss, which yields 6-13 cm in the &80, dependent on future emissions.

1 Introduction

Complete melting of the Greenland ice sheet (GN&)Id raise global mean sea level by
7.4 m (Morlighem et al., 2017). The rate of GriSssahange, or mass balance (MB; Gigatonnes
per year or Gt yf) equals surface mass balance (SMB) minus solidigharge across the
grounding line (D): MB = SMB - D. Between 1972 &D0, D was slightly larger than SMB
(457 + 6 Gt yrtvs. 437 + 17 Gt yt) leading to moderate mass loss (Mouginot et 8197 that
may have persisted throughout thé' 2@ntury (Kjeldsen et al., 2015). After 2000, Dremsed
owing to the acceleration of marine-terminatingl@uglaciers (King et al., 2020) and SMB
decreased following atmospheric warming that ineedameltwater runoff. The resulting
cumulative mass loss between 1992 and 2018 cotedidul £ 0.1 cm (13 = 1%) to global mean
sea level rise (IMBIE, 2019). In the most recerdatke (2007-2016), GrIS mass loss further
increased to ~280 Gt yr(Bamber et al., 2018), mainly due to enhancedwadr runoff. This
mass loss amounts to ~40% of the annual snow acationbn the ice sheet (=710 Gtlyr
indicating that the GrlS is currently significantiyt of balance, and making it the second largest
contributor to contemporary global mean sea leigel after thermal expansion (Chambers et al,
2017; Oppenheimer et al., 2018).

SMB is an interesting parameter since it solelyduaines the fate of the GrIS once it
becomes fully grounded, i.e. MB = SMB when D = Gjath may already happen within a few
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centuries under a high warming scenario (Aschwardeh, 2019). Assuming small changes in
ice sheet geometry in the2g¢entury (Le clec'h et al., 2019), SMB = 0 constitua threshold for
mass loss, which is passed when meltwater runegigiently exceeds snow accumulation, i.e.
snowfall minus sublimation (Huybrechts et al., 19Gtegory and Huybrechts, 2006). A
negative GrIS SMB has never occurred since at [E358, the first year with reliable reanalysis-
based SMB estimates (Van den Broeke et al., 2EM&n for years with meltwater mass
significantly exceeding total snow accumulatiorg(€012 and 2019), SMB has remained
positive (Tedesco and Fettweis, 2019) becauseaya feaiction £45%) of the meltwater is
retained in the firn, the up to 100 m thick layécompressed, perennial snow covering ~90% of
the ice sheet. In the firn layer, meltwater eittedreezes as ice lenses/slabs (Machguth et al.,
2018; McFerrin et al., 2019) or is retained asitiquater in perennial firn aquifers (Forster ef al.
2014).

Simply extrapolating the recent negative trend thefuture predicts the SMB = 0
threshold to be reached withi20 years (Van den Broeke et al., 2016). Howewah s
predictions are uncertain given the relative bgegitthe time series (Hanna et al., 2020) and the
large interannual SMB variability (Wouters et @013). Previous studies have relied on semi-
empirical schemes such as positive-degree-day m@@etgory and Huybrechts, 2006) and
idealised energy-balance models (Robinson et@l.2Pto project surface runoff and SMB into
the future. Here we present a novel physically-bag®roach, using explicitly resolved surface
energy balance from a state-of-the-art regionataie model (RACMOZ2.3p2) to dynamically
downscale a CMIP6 projection from the CommunitytE&ystem Model (CESM2) under a
high-end climate warming, further statistically dwsgaled to 1 km resolution. Uniquely, without
any bias correction in the forcing, this physicdligsed model setup reproduces a realistic
present-day GrlS SMB (Noél et al., 2020), and shioighk correlation with the native CESM2
forcing, enabling us to project meaningful GrIS SMiBder various CMIP6 warming scenarios
after applying a small linear correction. Since&gkeometrical changes and the associated
(elevation-temperature) feedback are expectedmairesmall during the 2%century (Edwards
et al., 2014, Le clec'h et al., 2019; Aschwandeal.e2019), first-order inferences about the
SMB = 0 threshold can be made assuming constasheet geometry.

2 Methods

Our main GrIS SMB product was obtained by dynanyaiwnscaling the Community
Earth System Model version 2.1 (CESM2 hencefortimdbasoglu et al., 2020) over the period
1950-2100 using the regional climate model RACM®2.8RACMO2 henceforth; Noél et al.,
2018). The most extreme warming scenario SSP5-8Hsalected to obtain maximum leverage
for correlations between SMB and regional tempeealdns (see Supporting Information). To
better resolve the high ablation rates over lomdyinarrow outlet glaciers that are primary
contributors to meltwater runoff, RACMO2 SMB compgoits were further statistically
downscaled from 11 to 1 km resolution and the tesuproduct is referred to as “RACMO2
SSP5-8.5". Statistical downscaling corrects daisitrand runoff for elevation bias on the
relatively coarse 11 km grid using elevation gratBeand for underestimated bare ice albedo
using remote sensing records (see Supporting IrEtom). Table 1 provides an overview of the
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various data products, including a benchmark regaisabased RACMO2 simulation (RACMO2
ERA henceforth) used for model evaluation and dised in Noél et al. (2019).

Both RACMO2 (native resolution ~11 km; Noél et 2D,18) and CESM2 (native
resolution ~111 km; van Kampenhout et al., 2020eHaeen extensively evaluated over the
GrlS and compare well to in-situ measurementspalih a better agreement is generally found
for the high-resolution RACMO2 than for the relaliyy coarse CESM2 (Fettweis et al., 2020;
Van Kampenhout et al., 2020). GrIS-integrated Sligcipitation and runoff correlate well
between the two models (R2 = 0.96, Fig. S1). Timidid but persistent deviations are mostly
resolution-related. For instance, too gentle coastasheet slopes in the low-resolution model
topography of CESM2 allow moist air masses to pgapatoo far inland, which results in
overestimated precipitation in the GrlS interioa(VKampenhout et al., 2019). The inferred
regression statistics (Fig. S1) are then usedn@cbSMB, precipitation, and runoff fields for all
available CESM2 ensemble members (see Table IncoiGorrected SMB'), enabling us to
reconstruct RACMO2-like SMB time series for othearming scenarios (see Supporting
Information).

3 Results

The resulting time series are presented in Figod&MB and in Fig. S2 for precipitation
and runoff. Note that CESM2 is only forced witlegnhouse gas and aerosol concentrations and
does not assimilate observations, so that periedages, average interannual variability and
trends can be compared to observations but notichdil high/low SMB years. In spite of this,
the historical ensemble members (grey; 1950-20¢®eawell with the RACMO2 ERA SMB
product (green line, see Table 1), including tHatineely stable precipitation (Fig. S2a), the
recent increase in runoff (Fig. S2b), and the sgibset decrease in SMB (Fig. 1a), resulting in a
almost seamless transition into the subsequenasoeanins.

In all scenarios, the overall SMB signal is domaabby greater runoff (Fig. S2c¢) leading
to an SMB decrease and surface-driven GrIS masgfog. 1a). Most runoff (~85% of the total)
originates from the narrow and widening margindaabn zone (Noél et al., 2019). In
combination with the hypsometry of the ice shedtic flattens inland, this leads to a stronger-
than-linear increase in runoff with increasing temgture (Fig. S2b) and, since precipitation
increases only linearly or not at all (Fig. S2agds to a nonlinear decrease in SMB (Fig. 1a).
We find SSP5-8.5 as the only scenario in whichipietion increases significantly after 2015
(1.1 to 2.3 Gt yF, p < 0.05, Fig. S2a). The increase in rainfalt (tb. 1.6 Gt y¥, p < 0.05) comes
at the expense of snowfall (-0.3 to -0.6 Gt yinsignificant p > 0.05) with the rainfall fractio
increasing at a rate of ~0.15%?r

We consider the SMB = 0 threshold to be exceedezhviie five-year moving average
SMB becomes negative. Figure 1b displays five-yearaged SMB as a function of the near-
surface Greenland temperature anomaby§)lwith respect to pre-industrial conditions (see
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Supporting Information). The black points represenRACMO2 SSP5-8.5 roughly fall onto a
single quadratic curve @R= 0.90) described by,

(1) SMB ~ -10.2 Fons- 51.7 Tons+ 441.7

allowing us to determine a regional warming thrégdftior which GrIS SMB becomes negative:
4.5 £ 0.3°C (vertical red line in Fig. 1b). The uncertainfy0a3 °C is based on the model SMB
uncertainty of 48 Gt yt derived from a comparison between SMB from in sigasurements
and from the historical CESM2-forced RACMO?2 simigdatat 1 km (Noél et others, 2019) (see
Supporting Information). The statistical uncertgiat the quadratic fit is comparatively small (<
0.1°C calculated from an 68% confidence band) harkfore neglected. Furthermore, these
results are robust under inclusion of the recoostitiCESM2 scenarios (coloured dots in Fig.
1b), which suggests that the nonlinear dependeh8&&18 on Tanis is independent of the actual
scenario or ensemble member used (see Supporforgniztion). Note that the apparent
discrepancy between RACMO2 and the CESM2 membeater®SP5-8.5 in 2095-2100 (red
and black dots in Fig. 1a and b) is due to intewvaaiability in CESM2. Specifically, the CESM2
“parent” member forcing RACMO2 (not shown) has low8#B than the two independent
members in the figure.

Figure 2 shows a map of five-year average spe@daal) surface mass balance (units kg
m? yr! or mm w.e. (water equivalent) ¥)rthat represents the situation at the°€5varming
threshold, i.e. when SMB 0. Ablation rates at the low-lying GrIS marging anhanced by high
atmospheric temperatures and the low albedo ofibarthat is exposed in the ablation zone
during summer (Box et al., 2012), and in magnitexleeed the interior accumulation rates (Fig.
2). The ablation zone area increases from an asag % of the contiguous GrlS area in the
period 1961-1990 to 21 % in 2051-2055 (Fig. S3)ewthe SMB = 0 threshold is reached. The
strongest expansion occurs in the relatively duttseest, from 13 to 32 % and in the northwest
GrlS, from 7 to 19 %, in line with recent obsereas of bare ice zone expansion (Noél et al.,
2019). Under an SSP5-8.5 warming scenario, thdilequim line altitude rapidly migrates
inland, expanding the GrIS ablation zone arearnorinear fashion throughout thes2dentury
(Fig. S3), in line with the RACMO2 ERA simulatiogréen line). Exposure of bare ice in
growing ablation zones triggers a strong melt-atbiegdback, amplifying runoff (Fig. S2b) and
driving the nonlinear SMB decline (Fig. 1a) as asptteric temperature increases (Fig. 1b).

4 Discussion

Previous work by Gregory and Huybrechts (2006) usedemporary climate model
output and a degree-day model for ablation anddauregional warming threshold of 4.5 £ 0.9
°C, similar to our results, and a global warming#old of 3.1 + 0.8C. Using a linear
regression between SMB from the Modéle AtmosphériRégional (MAR) and annual mean
Tensfrom multiple General Circulation Models, Rae et(2D12) found that a 2.3 £ 0.4 °C
warming relative to 1980-1989 is required for th#S3o reach the SMB = 0 threshold. In
addition, Fettweis et al. (2013) used a cubicdivieen MAR SMB and annual mean global
temperature to show that the GrlS would pass th& SN threshold for a 3°C warming relative
to 1980-1989. Here we refine these estimates bypoung recently developed state-of-the-art
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modeling tools. However, the temperature threshpoédented in this paper should be considered
an upper bound for two reasons. First, SMB = 0 smgsonsider marginal retreat of the ice
sheet, a response that operates at time scaldsrftean the ~100 years considered here. By
coupling an intermediate complexity climate modéhva dynamical ice sheet model, Robinson
et al. (2012) found that the GrIS may alreadydiwdrds deglaciation at global temperature
perturbations in the range 0.8 - 3.2 °C, with SMially above zero. Second, the ice sheet
geometry in RACMOZ2 is held constant throughoutdimeulation, thereby ignoring dynamical
thinning and the positive melt-elevation feedbdeittweis et al. (2013) estimated that this
feedback could cause an additional surface masofd + 5 % towards the end of the’'21
century, implying a lower temperature threshold3&B = 0 even on short time scales.

It is unclear by how muchgkis has already increased since the pre-industriabgher
Observations from (mainly coastal) meteorologitatisns indicate a significant warming since
the mid-1990s of5 °C in winter and~2 °C in summer (Hanna et al., 2012). Here we canmsid
ensemble-averaged: s anomalies from the CMIP5 (Fig. 3a) and CMIP6 (Blig) climate
model archives, with the uncertainty band represgribe inter-model standard deviation (see
Fig. S4). Teusfrom a hybrid ECMWEF reanalysis product (Table 13¢aled to the same baseline
period (see Supporting Information) and is used psgoxy for observations, with the remark that
reanalysis temperature products are not well cam&td over the GrlS because of poorly
represented snow/ice processes in the used landlrand the scarcity of near-surface
observations to assimilate.

In agreement with state-of-the-art GrIS SMB estesathe SMB = 0 warming threshold
(indicated by the horizontal red bar, Fig. 3) hasrbreached in neither the reanalysis nor CMIP
models up until today. Looking towards the futuhe CMIP5 RCP8.5 ensemble-mean crosses
the warming threshold in 2056, with a 66 % likedynge of [2034 - 2073] with similar estimates
for CMIP6 (mean 2060, likely range [2039 — 207®{pwever, for the medium warming
scenario (RCP4.5) the CMIP5 and CMIP6 archivesgiesaon the year of crossing. Whereas the
CMIP5 ensemble mean crosses the threshold in 20@%MIP6 mean crosses four decades
earlier in 2084, which could be attributed to tlghler climate sensitivities of some CMIP6
models for the same amount of radiative forcinditka et al., 2020). For both ensembles, a
likely range could not be calculated due to thin#élas of the curves (Fig. 3). Finally, in the high
mitigation scenario RCP2.6 the ensemble-mean remtlow the warming threshold for the
entire time period considered (Fig. 3). An overvigivestimated year of crossing for all
scenarios is provided in Table S1.

Using the CMIP ensembles, we can translate themegihreshold of 4.5 + 0% into a
global temperature warming threshold. Figure 4datlis near perfect correlatior?(R0.99)
between Ens and global average surface temperatuggsaf in the ensemble mean. The slope of
the correlation yields a Greenland warming ammiien of~1.6 in both CMIP5 and CMIRP&n
line with a previous CMIP3 estimate of 1.5+0.4 K KGregory and Huybrechts, 2006). Results
by Frieler et al. (2011) suggest that these resméisobust when individual models are used,
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rather than the ensemble mean. From the linearaeship in Fig. 4 we derive agidba Warming
threshold of 2.7 + 0.2C, with respect to the pre-industrial, as a premuisr GrlS deglaciation
under sustained warming.

It is important to note that the presented metlsaghly valid for a fixed ice sheet geometry, an
assumption that becomes questionable beyond 2Hiivgis et al., 2013). On these longer time
scales, projections require a coupled atmosphezarsice sheet model system (Le clec’h et al.,
2019). For the short term, however, we can apmyqtiiadratic SMB - dns anomaly relation
(Equation 1) to the CMIP5 and CMIP6 model ensemtalesconstruct ZLcentury SMB (Fig.
S5a) and global mean sea level rise due to Grfasimass loss (Fig. S5b). Obviously, the
largest sea level rise contributions are preditdedhe strongest warming scenariesl@ = 4 cm

in 2100 for RCP8.5, Fig. S5b). Substantial contidns from GrIS surface mass loss are still
expected for the strong mitigation scenarie6 ¢ 3 cm in 2100 for RCP2.6) since persistent
GrIS mass imbalance remains even when the warrneghold is not reached. For 2081-2100,
Table S2 summarizes our global mean sea level astgrior the different scenarios and
compares them against existing IPCC values. Ouianegbtimates are consistently higher than
those of IPCC, but the likely ranges have a langglap. In summary, our study uses state-of-
the-art SMB modelling tools for the Greenland ibeet to show that the temperature threshold
for SMB = 0 is likely to occur in all but the strg mitigation scenarios, and is particularly likely
to occur in the upper-end warming scenarios.

5 Conclusions

In this study we explored possible pathways ofieit@rlS SMB by combining Earth
system model output with dynamical and statistiltalnscaling techniques. For SMB = 0, we
found a regional warming threshold of 4.5 + 0.3ct®npared to pre-industrial, which translates
to a global warming threshold of 2.7 £ 0.2 °C usttignate model output from CMIP5 and
CMIP6. Under high-end warming scenario RCP 8.5, S¥Iprojected to become persistently
negative around 2055, while for the strong mitigatscenario RCP 2.6 the threshold for
sustained mass loss is likely not reached. Our odetistimates 6-13 cm of sea level rise by
2100, depending on the emissions scenario. Assuthatguture sea level rise is to be curbed,
our results underscore the need for a rapid staltitin of greenhouse gas concentrations,
especially since our estimates are conservative.

Data

CESM2 data are freely available from the Earth &ysGrid Federation archive
(https://esgf.linl.gov/nodes.html) , where also@WIP5 and CMIP6 data can be found.
Downscaled RACMO2.3p2 SSP5-8.5 projection and rettoated CESM2-based SMB time
series presented in the manuscript are availabeondo via DOI: XXX.
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Fig. 1: A regional warming threshold for negative Geenland surface mass balancéga)
Five-year moving average of GrIS SMB for RACMO2 ERdbservations', green), CESM2
historical (HIST, grey), RACMO2 SSP5-8.5 (black)daCESM2 scenario runs (colours, see
legend). Numbers in parentheses indicate numbensdmble members, coloured bands span
maximum and minimum ensemble value. The 2014/2@}5ythe reconstructed time series is a
plotting artefact from the transition from hist@i¢1950-2014) to future (2015-2099) climate
scenarios.l) Five-year average SMB values (1950-2100) plodied function of the anomaly
(relative to 1850-1899) of annual mean near surfecgerature averaged over Greenlangh,T
see Methods), including quadratic fit statisticeldlirs are the same as &).(See Table 1 for
experiment names.

Fig. 2: State of the Greenland ice sheet for SMB &. Five-year averaged specific surface
mass balance (units mm w.e. y&airom RACMO?2 at 1 km resolution with the accumidat
zone (where annual snow accumulation exceeds fuindffue and ablation zone (where runoff
exceeds snow accumulation) in red. Shown are taes\2051-2055 during which the warming
threshold for SMB = 0 is first reached. The thi¢tadk line represents the average equilibrium
line altitude (ELA) for the contemporary climate9gD-1990), separating the accumulation and
ablation zones.

Fig. 3: Multi-model estimate of regional Greenlandvarming under multiple scenario
projections. Five-year simple moving average of the anomallafires to 1850-1899) of near-
surface temperature averaged over Greenlasgk).TPresented are the model ensemble means
(solid lines) and model ensemble standard devigsbading) for all available CMIP%&) and
CMIP6 (b) models, and three emission scenarios. Numberadfis included is listed in the
legend as. The green solid line represents a hybrid reamatgsperature product for
comparison, which has been aligned to the CMIP oata the period 1958-1977 (see
Supporting Information) and the inferred GrIS wargithreshold is shown as a horizontal red
bar.

Fig. 4: A global warming threshold for Greenland SMB = 0. Correlation of anomalies in

mean near-surface Greenlandq{d) and global (fioba) temperature for CMIP5} and CMIP6

(b) models. Shown are five-year block averages dlieeperiod 1900-2100 relative to the period
1850-1899. Vertical red line indicates the Greedl&8MB = 0 warming threshold, horizontal red
line the associated global warming threshold.
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Native

Ensemble

SMB

Name Period . Type Forcing data . Output used | Corrected SMB Reference
resolution members downscaling
regional climate e s
RACMO2ERA | 12°% 5.5km model 1 1978); ERA- Elevation- SMB - Noél et al., 2020
2018 Interim (1979- based to 1 km (benchmark)
(RACMO02.3p2)
2018)
RACMO2 1950- 11 km idem 1 SEEETBZSV\;Iftt:r Elevation- SMB - This paper
SSP5-85 2100 20'15 based to 1 km components pap
SMB van
1850- Earth System Model Elevation .
CESM2 HIST 2015 1 degree (CESM2.1) 11 classes to 4 km components, Yes, see Fig. S1 Kampenhout et
Teus al., 2020
CESM2 SSP1- 2015- ~1 degree idem 2 - SR comscl\)/lr?ents Yes, see Fig. S1 Idem
2.6 2100 & classes to 4 km pT ’ ’ &
CESM2 SSP2- 2015- ~1 degree idem 3 D comszlr?ents Yes, see Fig. S1 Idem
4.5 2100 & classes to 4 km pT ? ? &
N 2015- ~1 degree idem 2 - Bl comSIc\JAr?ents Yes, see Fig. S1 idem
8.5 2100 & classes to 4 km pT ’ ’ &
1850- CMIP5 27 models, Taylor et al,
CMIPS rep2.6 2100 1 degree multi-model mean | see Table S3 i i Tes aNd T i 2011
1850- . 40 models, .
CMIP5 rcp4.5 2100 1 degree idem see Table S3 - - Tes and Tyonn - idem
1850- . 40 models, .
CMIPS5 rcp8.5 2100 1 degree idem see Table S3 - - Tes aNd Tyonn - idem
CMIP6 ssp1- 1850- CMIP6 14 models, Eyring et al,
2.6 2100 LR multi-model mean | see Table S4 Tew AN T 2016
CMIP6 ssp2- 1850- . 15 models, .
4.5 2100 1 degree idem see Table S4 - - Teos and Ty - idem
CMIP6 ssp5- 1850- . 15 models, .
8.5 2100 1 degree idem see Table S4 - - Tes and Ty - idem
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Hybrid
Reanalysis
Product

1958-
2019

~80 km

ERA40 (1958-1978);
ERA-Interim (1979-
2018)

Teus
(benchmark)

Uppalaetal.,
2005

Deeetal., 2011

Table 1: Overview of datasets used in this paper. Note that not all CMIP models start exactly in 1850, which means a slightly different reference period may

have been used for calculating anomalies (see Supporting Information).
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