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The integrated surface mass balance (SMB) of the Greenland Ice Sheet (GrIS)

has large interannual variability. Long-term future changes to this variabil-

ity will affect GrIS dynamics, freshwater fluxes, regional oceanography, and

detection of changes in ice volume trends. Here, we analyze a simulated 1850-

2100 GrIS SMB time series from the Community Earth System Model, cur-

rently the only global climate model that realistically simulates GrIS SMB.

We find a significant increase in interannual integrated SMB variability over

time, which we attribute primarily to a shift to a high-variability melt-dominated

SMB regime due GrIS ablation area growth. We find temporal increases to

characteristic ablation and accumulation area specific SMB variabilities to

be of secondary importance. Since ablation area SMB variability is driven

largely by variability in summer surface melt, variability in the climate pro-

cesses regulating the energy fluxes that control melting will likely increas-

ingly regulate future melt-dominated GrIS SMB variability.
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1. Introduction

The Greenland Ice Sheet (GrIS) is one of the Earth’s two major ice sheets and is cur-

rently losing mass [Shepherd et al., 2012; Hanna et al., 2013] with mass loss partitioned

roughly equally between decreases in the integrated surface mass balance (iSMB, the dif-

ference between integrated accumulation and surface ablation) and increases in discharge

from glacier acceleration [van den Broeke et al., 2009]. Multiple models project a large

decline in iSMB to negative values by the end of the 21st century in response to an-

thropogenic forcing, implying eventual loss of the ice sheet [Vizcáıno et al., 2013a; van

Angelen et al., 2013a; Fettweis et al., 2013]. Superimposed on observed iSMB trends is

large interannual iSMB variability [Box et al., 2006, 2012; Hanna et al., 2008], including

extreme events such as the 1998, 2007, 2010 and 2012 SMB minima [Mernild and Liston,

2012; van Angelen et al., 2013b; Tedesco et al., 2013]. This variability is important for

several reasons. First, it affects ice dynamics via the impact of supra-glacial melt on

basal sliding [Schoof , 2010] and via the effects of subglacial freshwater discharge on fjord

circulation and outlet glacier melting [Sciascia et al., 2013]. Second, on a larger scale,

iSMB variability contributes to variability in the GrIS-sourced freshwater flux to the ocean

[Bamber et al., 2012], which could alter local and regional patterns of ocean circulation

[Marsh et al., 2010; Fichefet et al., 2003] and long-term sea-level trends. Lastly, increases

in iSMB variability limit the ability to detect changes in GrIS volume trends [Wouters

et al., 2013].

These factors highlight the need to better understand historical and future trends in

interannual GrIS iSMB variability. To date, studies have mainly provided time-invariant
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variability estimates for the recent historical period [e.g. Box et al., 2006; Ettema et al.,

2009; Vizcáıno et al., 2013b; van Angelen et al., 2013b]. We build on these studies by

a) analyzing time-varying interannual GrIS iSMB variability trends (‘interannual’ is im-

plied hereafter) generated by a coupled Community Earth System Model (CESM) sim-

ulation spanning 1850-2100 under historical and Representative Concentration Pathway

8.5 (RCP8.5) forcing [van Vuuren et al., 2011], and b) by clearly identifying the physical

processes controlling the simulated variability changes that we find.

2. Methods

CESM [Hurrell et al., 2013] includes the Community Atmosphere Model (CAM) and

Community Land Model (CLM) at 0.9◦ x 1.25◦ resolution and the Parallel Ocean Program

(POP) and Community Ice Code (CICE) ocean/sea ice models at 1◦ resolution. It explic-

itly resolves Arctic interannual climate variability [de Boer et al., 2012]. Uniquely among

global climate models, the CESM also includes un-bias-corrected energy-balance-based

calculations of GrIS SMB [Lipscomb et al., 2013], which account for detailed snow/ice sur-

face processes such as albedo evolution, snow compaction and refreezing [Flanner et al.,

2007]. SMB calculations are carried out within CLM over multiple elevation classes, and

the resulting SMB is remapped to present-day GrIS geometry at 5 km resolution [Bam-

ber et al., 2001]. This technique (detailed in the Auxiliary Material and Lipscomb et al.

[2013]) allows for explicit resolution of the currently narrow GrIS ablation area within a

global model simulation. CESM-simulated SMB has been comprehensively validated by

Vizcáıno et al. [2013b] against 475 in-situ and remotely-sensed observations [Cogley , 2004;

Bales et al., 2009; Ettema et al., 2009; van de Wal et al., 2012], GRACE data [Velicogna,
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2009], and relative to SMB calculated by the high-resolution 11-km RACMO2 regional

climate model [van Angelen et al., 2013b]. These comparisons (detailed further in the

Auxiliary Material, Auxiliary Figures 1-3, and Vizcáıno et al. [2013b]) clearly highlight

that CESM realistically simulates recent historical GrIS SMB in terms of magnitude, spa-

tial distribution, and (importantly for this study) historical variability. The success of the

CESM in accurately capturing the present state of GrIS SMB, along with its ability to

simulate multi-century anthropogenically-driven climate trends, makes CESM uniquely

well-suited to the current study.

The simulation we analyze here was initialized from a multi-century pre-industrial

CESM control run, followed by a 100-year pre-industrial spin-up with SMB calculations

enabled. From this steady state, the model was integrated forward under historical forc-

ing from 1850-2005 and RCP8.5 forcing from 2006-2100. RCP8.5 is currently the most

extreme Intergovernmental Panel for Climate Change forcing scenario, and results in net

radiative forcing of 8.5 W/m2 by 2100. Under this forcing scenario, we analyze the vari-

ability in SMB and its components (snowfall and runoff). We define that variability at

year t as one standard deviation (σ) of the detrended time series over a 31-year window

centered on t. Detrending was carried out using using empirical mode decomposition

(Auxiliary Material). To exclude spurious initial and final variability values and to min-

imize aliasing, we calculate pre-industrial, present and future variability from 31-year

averages of annual variability values for the periods 1865-1895, 1970-2000, and 2055-2085.
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3. Results

Simulated 1865-1895 GrIS iSMB variability was 90 Gt/yr (Figure 1). For the 1970-2000

period, variability increased to 112 Gt/yr, and for the 2055-2085 period iSMB variability

grew to 165 Gt/yr, an increase of 84% relative to 1865-1895 (48% relative to 1970-2000).

Both changes are significant at the 99% confidence level. The frequency of years ex-

ceeding present-day iSMB variability bounds increased by 220% between 1970-2000 and

2055-2085, relative to the moving climatological iSMB mean. Thus we project that an

anthropogenically-driven iSMB decline over the 21st century will be accompanied by a sig-

nificant increase in iSMB variability. The present-day CESM-simulated variability agrees

well with the variability simulated by a reanalysis-forced RACMO2 simulation (121 Gt/yr

during 1992-2011) [van Angelen et al., 2013b]. In addition, van Angelen et al. [2013a] in-

dicate that RACMO2 forced by RCP4.5 HadGEM2-ES output captures a strong future

iSMB variability increase (+35 Gt/yr between 1992-2011 and 2079-2098), providing in-

dependent corroboration of increased iSMB variability under climate warming. However,

van Angelen et al. [2013a] do not elaborate on mechanisms behind the RACMO2 variabil-

ity increase.

To explore the physical mechanism(s) behind increased GrIS iSMB variability in CESM,

the overall iSMB time series was separated into contributions from the ablation and

accumulation areas (Figure 1). These co-vary in extent in response to short-term climate

variability and longer-term trends (Figure 2). The preindustrial overall iSMB correlated

most highly with accumulation area iSMB (r = 0.90 between 1850-1880). By 2070-

2100, however, the ablation area had emerged as the dominant control on overall iSMB
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(r = 0.96), indicating a long-term shift to an iSMB variability regime dominated by

ablation area processes. Furthermore, a dramatic 180% increase in ablation-area iSMB

variability between 1865-1895 and 2055-2085 is the primary cause for the increase in total

iSMB variability, when compared to the modest 13% accumulation-area iSMB variability

increase over the same period.

To explain the overall iSMB variability increase, we first tested the hypothesis that

a combination of increases in characteristic ablation-area and accumulation-area specific

surface mass balance (sSMB, the local vertical SMB flux, units m/yr water equivalent)

variabilities alone could be responsible for the overall iSMB variability change. To isolate

these variabilities, grid cells undergoing exclusively ablation or accumulation for the entire

simulation were gathered in separate ‘ablation-only’ and ‘accumulation-only’ bins from

which mean sSMB variability trends were extracted (Auxiliary Figures 4-5). The mean

sSMB in the accumulation-only area increased from 0.31 to 0.37 m/yr w.e. between 1865-

1895 and 2055-2085, and the corresponding spatial-mean variability increased from 0.06

to 0.08 m/yr w.e. (28%). These increases were related to increases in interior mean

snowfall and snowfall variability, respectively. In contrast, the mean ablation-only area

sSMB decreased from -1.1 m/yr w.e. to -2.4 m/yr w.e., and the corresponding variability

increased from 0.41 to 0.52 m/yr w.e. (28%). This increased variability was not caused

by increased variability of the net summertime ablation-only area surface energy balance

components (Auxiliary Figure 6), but rather by a lengthening of the ablation area bare-

ice season (Auxiliary Figure 7). This increases the dependence of ablation-area sSMB

variability on summer shortwave radiation variability by lengthening the exposure time

c©2013 American Geophysical Union. All Rights Reserved.



of low-albedo glacial ice (which also contributed to a GrIS-wide July albedo decrease of

0.03 over the 21st century [Vizcáıno et al., 2013a]).

The 28% increases in characteristic accumulation-only and ablation-only sSMB variabil-

ities are notable and reflect the impact of climate change on GrIS snowfall and melting

processes, respectively. However, these changes alone cannot quantitatively explain the

much larger 84% increase in overall iSMB variability. For this reason, we turn to our

second hypothesis, that growth of the high-variability ablation area is behind the over-

all increase in iSMB variability. Ablation area sSMB variability is substantially higher

than accumulation area sSMB variability, with the area-mean ratio (Rabl:acc) between

constant-ablation and constant-accumulation area sSMB variabilities ranging from 6.5

to 11.5 (with a time mean 8.9, Auxiliary Figure 8). This high Rabl:acc is also found in

observational time series of SMB at representative locations [Van de Wal et al., 2005;

van der Veen and Bolzan, 1999] and in RACMO2 model simulations [Ettema et al., 2009]

(Auxiliary Material), and arises from a high ratio between the variability of the primary

sSMB components in the ablation-only and accumulation-only areas: meltwater runoff

and snowfall, respectively (10.4, Auxiliary Figure 9). The contrast in sSMB variabili-

ties and the sSMB gradient across the climatological equilibrium line altitude (ELA), are

clearly apparent in Figures 3a and 3b.

High ablation area sSMB variability relative to accumulation area sSMB variability

suggests that if the ablation area were to expand, the overall GrIS iSMB variability

would increase due to a shift from a low-variability accumulation-dominated iSMB regime

towards a high-variability, melt-dominated iSMB regime. In support of this reasoning, a
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16% decrease in the accumulation area ratio (AAR, the ratio of the accumulation area to

the total ice sheet area, Figure 2) is captured by the model as a result of anthropogenically-

driven climate warming and increased melting [Vizcáıno et al., 2013a], and Figure 3c

highlights that the largest increases in sSMB occur between the 1865-1895 and 2055-2085

ELAs, where accumulation area is transformed to ablation area during the simulation. To

estimate the standalone effect of ablation area expansion on overall iSMB variability, we

performed two sensitivity experiments. First, ablation-area and accumulation-area sSMB

variabilities were held constant at their initial pre-industrial levels, and the AAR was

varied according to the trend from the full simulation (Auxiliary Material). The long-

term 16% decrease in the AAR, with sSMB variabilities held constant, produced a 59%

increase in overall iSMB variability between 1850 and 2100. Second, we held the AAR

fixed and varied only the sSMB variabilities, which yielded a lower 28% increase in overall

iSMB variability. The difference between these two experiments confirms that expansion

of the high-variability ablation area is approximately twice as effective as increased sSMB

variability in changing iSMB variability, and is thus primarily responsible for driving the

overall GrIS iSMB variability increase in the coupled simulation.

4. Discussion and Conclusions

We conclude that a significant, anthropogenically-forced increase in simulated GrIS

iSMB variability between 1850-2100 results primarily from ablation area expansion and

a resulting shift from an accumulation-dominated to a melt-dominated SMB variability

regime. We find simulated standalone increases to characteristic ablation and accumula-

tion area sSMB variabilities to be of secondary importance to the overall iSMB increase.
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In agreement with observations [e.g. Van de Wal et al., 2005], ablation-area sSMB vari-

ability in CESM is primarily regulated by variability in surface runoff, which is in turn

controlled primarily by variability in summer absorbed shortwave radiation. This rela-

tionship implies that, because of increasing ablation area, future melt-dominated GrIS

SMB variability will be increasingly tied to the variabilities of incoming shortwave radia-

tion and surface albedo, which are themselves impacted by regional circulation variability,

clouds, and ice-sheet surface feedbacks [Box et al., 2012]. In light of the projected shift

to a melt-dominated GrIS SMB variability regime, analysis of future changes to these

mechanisms is therefore a logical extension of the work presented here, and should be

guided by observational studies of GrIS melt variability, including recent melt extremes

[e.g. Hanna et al., 2012, 2013; Bennartz et al., 2013]. Better understanding the evolving

coupling between GrIS summer melt variability and climate is critical, given that this

relationship will increasingly control future melt-dominated iSMB variability, with follow-

on impacts to ice dynamics, GrIS-sourced ocean freshwater fluxes, ocean circulation, sea

level rise, and identification of anthropogenically-forced GrIS volume trends.
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Figure 1. Total iSMB timeseries (black) and component ablation/accumulation iSMB time

series (red/blue). These and subsequent time series have the first and final 15 years removed,

to account for the 31-year moving standard deviation windowing. This and subsequent plots

show raw time series (faded line), smoothed trends (solid line, generated using empirical mode

decomposition, Auxiliary Material) and +/- 1 standard deviation (dashed lines).
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Figure 3. Spatial distribution of sSMB variability (m/yr w.e.) for a) 1865-1895, b) 2055-

2085, and c) the difference in variability between the two periods. Also shown are preindustrial

and final climatological ELAs (the line separating the accumulation and ablation areas) for a)

1850-1880, b) 2070-2100, and c) both.
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