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Abstract. Forecasting the future sea level relies on accurate modeling of the response of the Greenland and Antarctic ice

sheets to changing temperatures. We show why the steady state of an ice sheet is biased toward larger size if the interannual

weather generated fluctuations in temperature are not taken into account in numerical modeling of the ice sheet. We illustrate

this in a simple ice sheet model. This bias could, if not taken into account, imply that the risk of collapse in a given climate

change scenario is underestimated. We estimate that the effect of temperature variability on the surface mass balance of the5

Greenland Ice Sheet in recent ensemble forecasting should be adjusted downward by approximately 13 percent of the present

day observed value, if assuming a 2 degree warming. Many predicted scenarios of the future climate show an increased

variability in temperature over much of the Earth. In light of our findings it is important to gauge the extent to which this

increased variability will further influence the mass balance of the ice sheets.

1 Introduction10

Using coupled climate and ice sheet models, long time forecasting is often made computationally feasible by running a climate

model for one or more years and then repeatedly applying the climate (or the surface mass balance computed from it) to an ice

sheet model (Kageyama et al., 2004; Gregory et al., 2012; Ziemen et al., 2014). Some studies (e.g. Kageyama et al. (2004))

compute the surface mass balance from a climatology. The present analysis shows that computing the surface mass balance

from a climatology can result in a bias towards a larger ice sheet size, if the surface mass balance is estimated assuming a15

yearly averaged temperature.

Ice sheet modeling and evidence from paleoclimatic records indicate that ice sheets display a hysteresis response to climate

forcing (Abe-Ouchi et al., 2013; Robinson et al., 2012). There is a critical threshold in temperature, a tipping point, beyond

which an ice sheet becomes unsustainable. This is a generic saddle-node bifurcation point, estimated by Robinson et al. (2012)

to be reached for the Greenland Ice Sheet (GrIS) at a global warming of +1.6◦C (0.8◦C – 3.2◦C) above preindustrial.20

Several recent studies suggest that parts of the West Antarctic Ice Sheet (WAIS) may already have been destabilized (Favier

et al., 2014; Joughin et al., 2014; Rignot et al., 2014; Mouginot et al., 2014; Seroussi et al., 2014). Other studies find that East

Antarctica may be more vulnerable to warming than previously thought (Mengel and Levermann, 2014; Greenbaum et al.,

2015; Sun et al., 2014; Pollard et al., 2015; Fogwill et al., 2014). There is a growing concern for a considerable risk of a marine
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ice-sheet instability of the WAIS may lead to a substantial sea level rise contribution already this century (Bamber and Aspinall,

2013).

Paleoclimatic records show a nonlinear relationship between temperature increase and sea level rise consistent with the

threshold behavior of ice sheets, predicted by modeling studies. Gasson et al. (2012); Foster and Rohling (2012) find that even

a moderate global warming of +2◦C or CO2 levels of 400 ppm is associated with a likely long-term sea level rise of more than5

9 m. This is consistent with evidence from the last interglacial which points toward a collapse of the WAIS (Kopp et al., 2009;

Dahl-Jensen et al., 2013; Strugnell et al., 2012). Likewise there is evidence for at least one substantial deglaciation period in

Greenland having occurred during the past 1.1 million years (Blard et al., 2016; Bierman et al., 2016; Schaefer et al., 2016).

The greenhouse gas concentrations and intense warming in high-end scenarios such as ECP8.5 (Extended Concentration

Pathways, extension of Representative Concentration Pathways beyond 2100) (Meinshausen et al., 2011) correspond to an10

ice-free planet in the paleoclimatic record (Gasson et al., 2012; Foster and Rohling, 2012) which evidence suggests was the

case until approximately 35 million years ago (Ruddiman, 2014).

Observations, paleoclimatic records and model studies indicate a real risk of ice sheet collapse for realistic future scenarios

global warming. A substantial part of WAIS may already be committed to collapse. The threshold for GrIS is estimated to

be passed in ECP4.5 and ECP6, and even total deglaciation is within reach of the ECP8.5 scenario. The complete loss of the15

Greenland –, the West Antarctic –, and the East Antarctic ice sheets would raise global sea levels by 7.4 m, 4.3 m, and 53

m respectively, excluding any solid earth rebound effects that would take place during ice sheet decay (Bamber et al., 2013;

Fretwell et al., 2013). The risk that global warming might exceed the tipping points of ice sheet stability pose an existential

threat to low lying coastal nations. Estimating how close each ice sheet is to a tipping point is thus critically important.

The stability of ice sheets is typically investigated by imposing a constant climate forcing and then letting the ice sheet model20

reach equilibrium (Robinson et al., 2012; Solgaard and Langen, 2012; Huybrechts and de Wolde, 1999). The hysteresis curve,

and collapse thresholds are then traced out by repeating these experiments for a range of temperatures and starting from ice

free conditions. However, this approach disregards the effects of interannual variability.

In the classical study of the effect of asynchronous coupling by Pollard et al. (1990) it was noticed that a stochastic forcing

in an ice sheet model results in a smaller ice sheet in comparison to a constant constant forcing. Here we show how variability25

in forcing changes the expected mass balance of an ice sheet. We develop a general theoretical framework for how forcing

variability impact the expected response in a model that exhibits a non-linear response. We illustrate the importance using a

minimal model of how Greenland surface mass balance responds to temperature fluctuations. The simple model is also used to

assess the bias adjustments needed in model studies when constant forcing is applied.

Though some studies implement full GCM coupling to the ice sheet model, or have some mixed approaches (Ridley et al.,30

2005) (Gregory and Huybrechts, 2006), the computational demand of the GCM could come at an expense for the resolution of

the ice sheet flow model. The results presented here show explicitly how to account for the effect of unresolved temperature

variability.
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Previous studies of natural variability in the context of ice sheets include Fyke et al. (2014), who find that the variability of

the GrIS surface mass balance will increase in a warmer climate due to increased ablation area, and Roe and O’Neal (2005)

who find that large fluctuations in glacier extent can be driven by natural, fast fluctuations in climate.

That the SMB of an ice sheet model is nonlinear is well known. Ridley et al. (2010) specifically avoid using monthly

climatologies in order to include the effect of interannual variability in their study. Seguinot (2013) shows how simplifying5

assumptions (in general leading to lower temperature variability) in a positive degree day (PDD) scheme leads to errors.

Fettweis et al. (2013, see Fig. 6h) investigate the GrIS SMB simulated by regional climate models (RCM) as a function of

mean surface temperature from general circulation models (GCM). Our contribution is a quantification of this effect, and an

estimate of the necessary bias correction in long term ice sheet simulations.

Sub-annual temperature variability in the context of positive degree-day (PDD) models is investigated in eg. Hock (2003);10

Seguinot (2013); Wake and Marshall (2015). PDD models connect surface melting and air temperature, and are used exten-

sively due to their simplicity and wide availability of air temperature data (Hock, 2003). Seguinot (2013) compares Greenland

SMB calculated from four different annual PDD formulations with a reference SMB calculated from a PDD scheme using

a monthly climatology and deviations from an long-term interannual mean. At the scale of sub-annual climatology, there are

large uncertainties as the estimates of the SMB differs significantly among the formulations, highlighting the need to accurately15

model both spatial and temporal variability. These findings are built upon by Wake and Marshall (2015) who find that the stan-

dard deviation of monthly average temperature may be represented as a quadratic function of monthly average temperature.

In the present study we are concerned with interannual variability and expect our results to apply independently of the chosen

SMB model.

In Section 2 we derive an analytical relationship between the magnitude of temperature fluctuations assuming a simple20

relationship between the mass balance, temperature and ice sheet volume. This relationship is shown to hold using a simple

ice sheet model (including a surface mass balance model) in Section 3, and in Section 4 we estimate the consequences of

temperature fluctuations on a recent long term ice sheet study, assuming the effect we present here is not already accounted for.

The limitations of this approach, as well as further possible applications, is discussed in Section 5.

2 The Mass Balance of an Ice Sheet25

2.1 A Minimal Ice Sheet Model

We consider a simple ice sheet model introduced by Oerlemans (2003) hereafter denoted Oer03. This model describes the

essential dynamics of an ice sheet initiated from a mountain glacier. It assumes an axially symmetric ice sheet resting on a bed

that slopes linearly downwards from the center. The ice is modeled as a perfectly plastic material, and the ice sheet is coupled

to the surrounding climate by adjusting the height of the equilibrium line hEq (Oerlemans, 2008):30

hEq = hE,0 + (T − T̄ ) · 1000/6.5. (1)
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Equation 1 represents an increase of the equilibrium line altitude of roughly 154 m ◦C−1. The influence of hEq on the

specific balance B is illustrated in Fig. (1). It should be noted that this simple relationship does not capture situations where

the SMB may increase with increasing temperature, as discussed in Section 5.
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Figure 1. Specific balance B for T = 0 from Eq. (1) using the parameters in Table 1 and Eqs. (3–4) of the supplement. hEq denotes the

equilibrium line. The specific balance is constant above the runoff line hr (Supplementing Information, Eq. (4)), and the balance gradient is

constant below hr (Oerlemans, 2003).

The model is chosen for its simplicity, thus it is not accurately modeling a specific ice sheet; the two main reasons for

choosing it for our analysis are: 1) The simplicity of Oer03 allows the analytical approach detailed below and 2) the Oer035

model shows the same functional relationship between surface mass balance (SMB) and temperature as has been found for

regional climate models (RCM) for a range of temperature scenarios (Fettweis et al., 2013). The change in volume or mass of

the ice sheet depends on the balance between accumulation, ablation and ice sheet discharge which in turn depends on both the

interplay between the fluctuating temperature and the state of the ice sheet itself.

Before proceeding with the simple model, we investigate the effect of interannual temperature fluctuations by considering10

the ice sheet as a simple dynamical system. Assume the mass balance of the ice sheet to depend only on the volume V itself and

a single time-varying mean temperature over the ice sheet, T ; thus all components of the mass budget are uniquely determined

by temperature and volume. This is a vast simplification but sufficient to illuminate the essential dynamical effect we consider

in this paper. Denoting the mass balance (change in ice sheet volume) as V̇ ,

V̇ = f(T,V ), (2)15
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where f(V,T ) is some non-linear function. The (stable) fixed point, f(T,V ) = 0 corresponds to a balance between loss and

gain in the ice volume. This is in general an implicit equation to determine the steady state volume V0(T ) as a function of

temperature, such that f(V0(T ),T ) = 0.

However, the fixed point is not identical to the statistically steady state volume with a temporally fluctuating temperature

Tt = T (t) with expectation value 〈Tt〉= T . A numerical integration to equilibrium of an ice sheet model with and without5

interannual fluctuating temperature shows that in steady state the ice sheet volume Vt will fluctuate around 〈Vt〉= V where V

is systematically smaller than the corresponding V0(T ) (Fig. 2).

Since the temperature Tt – and thus the ice sheet volume Vt – is a stochastic variable the following will characterize an

equilibrium state:

〈f(Tt,Vt)〉= 0. (3)10

To calculate V we perform a Taylor expansion of Eq. (3) around the – presently unknown – steady state (T ,V ) and calculate

the mean volume V . We use the notation fT := ∂f
∂T , fTV := ∂2f

∂T∂V , etc. Furthermore, f0 := f(T ,V ), f0
T := ∂f

∂T (T,V )
∣∣∣∣
(T ,V )

etc. We then get:

〈f(Tt,Vt)〉 = f0 + 〈Tt−T 〉f0
T + 〈Vt−V 〉f0

V +
1
2
〈(Tt−T )2〉f0

TT

+
1
2
〈(Vt−V )2〉f0

V V + 〈(Tt−T )(Vt−V )〉f0
TV +O(3), (4)15

where O(3) represents higher order terms.

We can simplify Eq. (4) considerably: First note that since T is the expectation value of Tt we have 〈Tt−T 〉= 〈Tt〉−T =

T −T = 0 and with the same argument 〈Vt−V 〉= 0. The quantity 〈(Tt−T )2〉 is the variance of the fluctuating temperature –

we will assume this is known in simulations and substitute 〈(Tt−T )2〉= σ2
T . Since the temperature variations are small with

respect to the mean and has a symmetric distribution we may neglect higher order terms in Eq. (4) (Rodriguez and Tuckwell,20

1996). We are left with:

〈f(Tt,Vt)〉 ≈ f0 +
σ2

T

2
f0

TT

+
1
2
〈(Vt−V )2〉f0

V V + 〈(Tt−T )(Vt−V )〉f0
TV . (5)

We have evaluated the last two terms in Eq. (5) numerically for the model presented in Section 3 and found that 〈(Vt−V )2〉
and 〈(Tt−T )(Vt−V )〉 tend to zero (supplementing information) – neglecting the last two terms, Eq. (5) reduces to25

〈f(Tt,Vt)〉 ≈ f0 +
σ2

T

2
f0

TT . (6)

Equation (6) is the main observation in this work. We shall in the following estimate the implications of this result on realistic

asynchronously coupled state-of-the-art ice sheet climate model simulations. As 〈f(Tt,Vt)〉= 0 at the steady state it can be

seen from Eq. (6) that

0 = f0 +
σ2

T

2
f0

TT ⇒30

f0 = −σ
2
T

2
f0

TT > 0 (7)
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since f0
TT < 0 – this negative curvature of f0 is the nonlinear effect causing the bias. V0(T ) is the stable fixed point; f(V0(T ),T ) =

0, thus f(V,T )> 0 for V < V0 and f(V,T )< 0 for V > V0. This together with Eq. (7) implies that V < V0; that is, positive

temperature anomaly increases the mass loss more than what can be compensated by an equally large negative anomaly (van

de Wal and Oerlemans, 1994).

3 Ice Sheet Simulations5

3.1 Fluctuating Temperatures

To generate an ensemble of volume simulations we use time series Tt comparable to the observed temperatures over Greenland

between year 1851 and 2011. For this we use the AR(1)-process (Hasselmann, 1976; Frankignoul and Hasselmann, 1977; von

Storch and Zwiers, 2003; Mudelsee, 2010):

Tt+1 = T + a× (Tt−T ) +σARWt. (8)10

The parameters (a,σ2
AR) were obtained by fitting Eq. (8) to the observed annual mean temperatures over Greenland between

year 1851 and 2011 (supplementing information). We obtain (a,σ2
AR) = (0.67,0.85) thus the process Eq. (8) has variance (Box

et al., 2008) σ2
T = σ2

AR/(1− a2) = 1.54 K2 comparable to the observed annual mean temperature variance over Greenland,

σ2
T,obs = 1.55 K2.

As we quantify the effect of interannual stochastic variability we use yearly averaged temperatures, consistent with the15

formulation of the Oer03 model (cf. Table 1 of the Supplementing Information). We find time step size of one year to be

sufficient for integrating the Oer03-model (supplementing information); thus Tt+1 in Eq. (8) represents the temperature one

year after Tt.

To find the steady state volume we run the Oer03-model forward long enough for the ice sheet to reach equilibrium, with

and without fluctuating temperatures. The results of this procedure are shown in Fig. 2 (left) where it is clearly seen that the20

steady state volume is lower for simulations with fluctuating temperatures than with constant temperature. We emphasize that

the fluctuating temperature time series {Tt} have as mean the constant temperature, 〈Tt〉= T so that the differences are due

only to the annual temperature fluctuation.

In Fig. 2 (right) the effect of temperature fluctuations is shown in the (T,V )-plane: the markers “+” are steady states of

numerical simulations with constant temperature, while the circles represent ensemble averages of simulations with fluctuating25

temperatures. It is evident that temperature fluctuations decrease the steady state ice volume. The yellow curve in Fig. 2 (right)

was calculated using Eq. (6) and gives a good agreement with the results from ensemble simulations.

In order to illustrate the physics behind Eq. (6), consider values of the mass budget function f for different ice sheet volumes

V , shown in Fig. 3. The insert shows, for a particular value of V , how the steady state is influenced by fluctuating temperatures:

the average mass budget of a colder year and a warmer year is less than the mass budget of a year with a temperature corre-30

sponding to the average of “cold” and “warm”; to put it another way: the increased SMB of a single anomalously cold year

cannot balance the increased melt from an equally anomalously warm year (van de Wal and Oerlemans, 1994). In particular let
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Figure 2. (Left) Simulations of the Oer03-model for T =−1.5,0,1.5 and 3. The black curves denote a constant temperature and the grey

curves fluctuating temperatures generated with Eq. (8). (Right) The mass balance Eq. (2) for the Oer03-model in the (T,V )-plane. The black

contour is the steady state f = dV/dt= 0. The markers represent the average of the numerical simulation with constant (+) and fluctuating

(◦) temperature seen on the left. Finally the yellow contour shows the approximation derived in in Eq. (6).

Tc = T −σ and Th = T +σ:

f(V,Tc) + f(V,Th)
2

< f

(
V,
Tc +Th

2

)
, (9)

which is consistent with f0
TT < 0 as shown in Eq. (7).

4 Consequences for Long Term Ice Sheet Simulations

Here we investigate the effect of accounting for fluctuating temperatures when running long time scale climate simulations.5

These can be either transient runs, scenarios with specified changing CO2-forcing or equilibrium runs with specified constant

forcing. Specifically we analyze the results of Robinson et al. (2012) where the long term stability of the GrIS is investigated.

In this study, an ice sheet model is forced by the output of a regional climate model driven by the ERA40 climatology with a

constant temperature anomaly applied, see Robinson et al. (2012) and Supplementary Information.
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Figure 3. Left: Mass balance V̇ of the ice sheet for different values of the total ice sheet ice volume V in the Oer03-model. Similar to

Fig. 2 but here we show V̇ as a function of T for different total volumes V . Insert, left: The curvature of V̇ (T ) influences the steady state

behavior – a cold year does not cancel out the effect of an equally warm year as shown in Eq. 9. The value of σT is used for illustration

and is given as the square root of the temperature variance, σT =
√

1.54K2 = 1.24K. Note the similarity of the V̇ (T ) found here to Fig. 6h

in Fettweis et al. (2013). Right: Estimating the effect of fluctuating temperatures on GrIS projections. The full curve is obtained by fitting

a third degree polynomial f̃(T ) to an SMB(T ) from Robinson et al. (2012). The dotted line show the effect of temperature fluctuations

obtained by applying Eq. (6). For a warming of 4◦C the green circle shows the SMB. ∆SMB is obtained by applying Eq. (11) and represents

the change in mass balance resulting from the temperature fluctuations. −∆T is the temperature change required to negate this effect and is

obtained implicitly from Eq. (12).

As parameters in ice sheet models are often tuned to best match the problem under investigation (eg., Muresan et al. (2016)),

the ice sheet volume bias we describe may already be implicitly compensated. To estimate the size of the temperature fluctua-

tion bias, we assume that this has not already been accounted for by parameter tuning.

Fettweis et al. (2013) compare the output of RCMs forced with multiple future climate scenarios and show that the effect of

rising temperature on the GrIS SMB is well described by a third degree polynomial (note the qualitative similarities between5

Fig. 3 in the present article and Fig. 6h in Fettweis et al. (2013)). Here we take the same approach. To the ensemble of

simulations in Robinson et al. (2012) we fit third degree polynomials to the SMB as a function of temperature at time t = 200

years (supplementing information) and obtain third degree polynomials in T :
{
f̃ij(T )

∣∣f̃ij(T ) =AijT
3 +BijT

2 +CijT +Dij

}
(10)

where the indices i and j run over two separate parameters in the model that take 9 – respectively 11 –values (Robinson et al.,10

2012) so in total we have 99 unique polynomial fits. These polynomials are then used as a simple description of the mass

balance function as a function of temperature, SMBij(T ) = f̃ij(T ). Differentiating twice we obtain f̃TT (T ) = 6AT + 2B

(suppressing indices i, j for clarity).

8

The Cryosphere Discuss., doi:10.5194/tc-2017-47, 2017
Manuscript under review for journal The Cryosphere
Discussion started: 24 April 2017
c© Author(s) 2017. CC-BY 3.0 License.



For all parameter pairs (i, j) we evaluate f̃(T ) and f̃(T ) + (σ2
T /2)f̃TT (T ) – this is shown in Fig. 3 (right) as the full and

dotted lines, respectively.

To illustrate this approach we pick a specific temperature T0. f̃(T0) is thus the SMB for a constant temperature and f̃(T0)+

(σ2
T /2)f̃TT (T0) represents the effect of letting the temperatures fluctuate. This procedure gives us an expression for ∆SMB

∆SMB = f̃(T0)−
[
f̃(T0) +

σ2
T

2
f̃TT (T0)

]
5

= −σ
2
T

2
f̃TT (T0) (11)

where ∆SMB is positive in accordance with Eq. (7). Next we find the temperature difference ∆T such that

f̃(T0−∆T ) +
σ2

T

2
f̃TT (T0−∆T ) = f̃(T0). (12)

In this way ∆T is the effective temperature change resulting from considering fluctuating temperatures.

The results of applying the steps outlined above on the data from Robinson et al. (2012) are shown in Fig. 4 (see also10

supplementing information). The red curves in Fig. 4 shows the most likely ∆T and ∆SMB; the grey curves are estimates for

the 9× 11 individual parameter values and the blue shade area represents the 95% credibility region.

The warmings quoted in Robinson et al. (2012) are relative to the preindustrial period whereas the reported warming from

the preindustrial period to the present day is estimated to 1◦C (Stocker et al., 2013, p. 78). Following the RCP45 scenario it is

more likely than not that Earth will experience a further warming of 2.0◦C (IPCC, 2013, p. 21) from today to the year 2100.15

Combing these numbers we arrive at a warming of 3.0◦C in the year 2100 relative to the preindustrial when considering the

RCP45 scenario. For this value it is seen in Fig. 4 (top) that an additional 0.12◦C should be added to any constant warming term

when considering simulations of the Greenland ice sheet, assuming the same temperature variance as in Section 3. Further,

Fig. 4 (bottom) shows the most likely ∆SMB resulting from temperature fluctuations at a 3◦C warming to be 30 Gt/y. To put

this number in context, consider Barletta et al. (2013) who report an average GrIS SMB of −234±20 Gt/y for the period 200320

to 2011.

Observe in Fig. (4) that ∆T goes to zero for low temperature anomalies and appears to saturate for higher temperature

anomalies. In the framework presented here this can be explained by considering the SMB(T )-curves shown in Fig. (3) (left).

For low temperature anomalies the SMB(T ) curve in Fig. 3 (left) is close to flat so the second derivative is small; this gives

a small contribution to ∆SMB from Eq. (11). On the other hand, as the SMB(T ) curve in Fig. 3 (left) becomes progressively25

steeper, a correspondingly smaller ∆T in Eq. (12) is required to compensate for ∆SMB.

The results above highlight that interannual temperature variability cannot be neglected in long term studies involving ice

sheet models. The straightforward approach would be to simply include the expected temperature variability in a number of

simulations followed by calculating the ensemble average. Conversely, one could calculate the effect of temperature variability

for a range of climate scenarios as a starting point for a following bias adjustment.30
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Figure 4. Maximum likelihood estimates of ∆T and ∆SMB (red curves). The grey curves are estimates from individual simulations and the

blue shaded area denotes 95% credibility regions.

5 Conclusions

5.1 Limitations of this study

When calculating the f̃ ’s in Eq. (10) and Eq. (11) we assume a constant volume in the data from Robinson et al. (2012),

but in reality the relative variations are as large as 9.5% when considering all the warming temperatures shown in Fig. 4

(supplementing information). However to draw the conclusion about the consequences of a 3◦C warming it is adequate to5

consider warmings less than 4◦C and here the volume variation was less than 3% of the average. Neglecting variations in
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volume does add uncertainty to our results, and it is not immediately clear to us how to quantify that uncertainty. Additionally,

at time t= 200 years where we extracted the SMB data from the simulations in Robinson et al. (2012), the ice sheet models

had not yet reached steady state; thus, expanding the analysis using a data set from ice sheet simulations in steady state would

be desirable.

The temperature fluctuation is accounted for in most studies either explicitly (Ridley et al., 2010; Seguinot, 2013) or implic-5

itly in the tuning of the surface mass balance scheme. Our result may be used to explicitly implement the contribution from the

temperature fluctuations in the mass balance schemes before bias correcting due to other possible model deficiencies.

5.2 Conclusion and outlook

From a theoretical argument and by considering a minimal ice sheet model we have shown that fluctuating temperatures forcing

the ice sheet have an effect on the steady state volume of the ice sheet.10

The effect is explained by the curvature, or second derivative, of the mass balance as a function of temperature. A negative

curvature gives rise to nonlinear effects meaning that the average mass accumulation resulting from a cold year and a warm

year in succession is less than the mass accumulation of two consecutive years having the average temperature of the “warm”

and “cold” years.

Even though we considered a simple ice sheet model, the results are transferable to other more realistic models as long as15

the rather weak assumptions leading up to Eq. (6) hold; eg., models of sub-shelf melting, grounding line migration, and ice

discharge respond very non-linearly to changes in ocean temperatures (Favier et al., 2014; Joughin et al., 2014; Seroussi et al.,

2014; Mengel and Levermann, 2014; Pollard et al., 2015; Fogwill et al., 2014), thus it is critical to take variability into account

for quantitative assessments.

The response of a real ice sheet to temperature increase is naturally much more complex than what can be described in20

a simple study such as the present paper. In a model study, Born and Nisancioglu (2012) observe mass loss acceleration of

the Northeastern GrIS as a response to warming. This part of the GrIS experiences comparatively little precipitation and thus

increasing melt is not compensated by increasing accumulation. However, the opposite has been shown to be the case for

Antarctica. Frieler et al. (2015) show that increasing temperatures will increase Antarctic SMB at continental scales due to

increasing precipitation. This is an interesting special case of an accumulation dominated mass balance, where the curvature25

term in Eq. (6) has the opposite sign, thus an underestimated temperature fluctuation would lead to an underestimation of the

growth of the ice sheet.

We have evaluated the consequences of the temperature fluctuation bias on long-term GrIS simulations and found that, if the

full effects are taken into account with no further modifications, a significant effective temperature change would be required

for an unbiased estimation of the equilibrium ice volume.30

6 Code availability

The code for this study is available upon request to the corresponding author.

11

The Cryosphere Discuss., doi:10.5194/tc-2017-47, 2017
Manuscript under review for journal The Cryosphere
Discussion started: 24 April 2017
c© Author(s) 2017. CC-BY 3.0 License.



7 Data availability

Data used in this study was obtained from the authors of Robinson et al. (2012).

Author contributions. TBM, AG and PD designed the study. TBM performed the data analysis. TBM, AG and PD wrote the article.

Competing interests. The authors declare no conflict of interest.

Acknowledgements. We would like to thank Johannes Oerlemans for providing the original code for his model and Alexander Robinson for5

being very helpful in providing the data from their study.

Furthermore we are very thankful for valuable comment from the anonymous reviewers.

This work is part of the Dynamical Systems Interdisciplinary Network (DSIN) – T.M. was financially supported by the Centre for Ice and

Climate and the DSIN, both University of Copenhagen.

12

The Cryosphere Discuss., doi:10.5194/tc-2017-47, 2017
Manuscript under review for journal The Cryosphere
Discussion started: 24 April 2017
c© Author(s) 2017. CC-BY 3.0 License.



References

Abe-Ouchi, A., Saito, F., Kawamura, K., Raymo, M. E., Okuno, J., Takahashi, K., and Blatter, H.: Insolation-driven 100,000-year glacial

cycles and hysteresis of ice-sheet volume, Nature, 500, 190–193, doi:10.1038/nature12374, 2013.

Bamber, J. L. and Aspinall, W. P.: An expert judgement assessment of future sea level rise from the ice sheets, Nature Climate Change, 3,

424–427, doi:10.1038/nclimate1778, 2013.5

Bamber, J. L., Griggs, J. A., Hurkmans, R. T. W. L., Dowdeswell, J. A., Gogineni, S. P., Howat, I., Mouginot, J., Paden, J., Palmer, S., Rignot,

E., and Steinhage, D.: A new bed elevation dataset for Greenland, The Cryosphere, 7, 499–510, doi:10.5194/tc-7-499-2013, 2013.

Barletta, V. R., Sørensen, L. S., and Forsberg, R.: Scatter of mass changes estimates at basin scale for Greenland and Antarctica, The

Cryosphere, 7, 1411–1432, doi:10.5194/tc-7-1411-2013, 2013.

Bierman, P. R., Shakun, J. D., Corbett, L. B., Zimmerman, S. R., and Rood, D. H.: A persistent and dynamic East Greenland Ice Sheet over10

the past 7.5 million years, Nature, 540, 256–260, doi:10.1038/nature20147, 2016.

Blard, P.-H., Leduc, G., and Glasser, N.: Climate science: The history of Greenland’s ice, Nature, 540, 202–203, doi:10.1038/540202a, 2016.

Born, A. and Nisancioglu, K. H.: Melting of Northern Greenland during the last interglaciation, The Cryosphere, 6, 1239–1250,

doi:10.5194/tc-6-1239-2012, 2012.

Box, G. E. P., Jenkins, G. M., and Reinsel, G. C.: Time Series Analysis - Forecasting and Control, John Wiley & Sons, Inc., fourth edition15

edn., 2008.

Dahl-Jensen, D., Albert, M. R., Aldahan, a., Azuma, N., Balslev-Clausen, D., Baumgartner, M., a. M. Berggren, Bigler, M., Binder, T.,

Blunier, T., Bourgeois, J. C., Brook, E. J., Buchardt, S. L., Buizert, C., Capron, E., Chappellaz, J., Chung, J., Clausen, H. B., Cvijanovic,

I., Davies, S. M., Ditlevsen, P., Eicher, O., Fischer, H., Fisher, D. a., Fleet, L. G., Gfeller, G., Gkinis, V., Gogineni, S., Goto-Azuma,

K., Grinsted, a., Gudlaugsdottir, H., Guillevic, M., Hansen, S. B., Hansson, M., Hirabayashi, M., Hong, S., Hur, S. D., Huybrechts, P.,20

Hvidberg, C. S., Iizuka, Y., Jenk, T., Johnsen, S. J., Jones, T. R., Jouzel, J., Karlsson, N. B., Kawamura, K., Keegan, K., Kettner, E.,

Kipfstuhl, S., Kjæ r, H. a., Koutnik, M., Kuramoto, T., Köhler, P., Laepple, T., Landais, a., Langen, P. L., Larsen, L. B., Leuenberger, D.,

Leuenberger, M., Leuschen, C., Li, J., Lipenkov, V., Martinerie, P., Maselli, O. J., Masson-Delmotte, V., McConnell, J. R., Miller, H., Mini,

O., Miyamoto, a., Montagnat-Rentier, M., Mulvaney, R., Muscheler, R., Orsi, a. J., Paden, J., Panton, C., Pattyn, F., Petit, J.-R., Pol, K.,

Popp, T., Possnert, G., Prié, F., Prokopiou, M., Quiquet, a., Rasmussen, S. O., Raynaud, D., Ren, J., Reutenauer, C., Ritz, C., Röckmann,25

T., Rosen, J. L., Rubino, M., Rybak, O., Samyn, D., Sapart, C. J., Schilt, a., Schmidt, a. M. Z., Schwander, J., Schüpbach, S., Seierstad,

I., Severinghaus, J. P., Sheldon, S., Simonsen, S. B., Sjolte, J., Solgaard, a. M., Sowers, T., Sperlich, P., Steen-Larsen, H. C., Steffen, K.,

Steffensen, J. P., Steinhage, D., Stocker, T. F., Stowasser, C., Sturevik, a. S., Sturges, W. T., Sveinbjörnsdottir, a., Svensson, a., Tison, J.-L.,

Uetake, J., Vallelonga, P., van de Wal, R. S. W., van der Wel, G., Vaughn, B. H., Vinther, B., Waddington, E., Wegner, a., Weikusat, I.,

White, J. W. C., Wilhelms, F., Winstrup, M., Witrant, E., Wolff, E. W., Xiao, C., and Zheng, J.: Eemian interglacial reconstructed from a30

Greenland folded ice core, Nature, 493, 489–494, doi:10.1038/nature11789, 2013.

Favier, L., Durand, G., Cornford, S. L., Gudmundsson, G. H., Gagliardini, O., Gillet-Chaulet, F., Zwinger, T., Payne, a. J., and Le Brocq, a. M.:

Retreat of Pine Island Glacier controlled by marine ice-sheet instability, Nature Climate Change, 4, 117–121, doi:10.1038/nclimate2094,

2014.

Fettweis, X., Franco, B., Tedesco, M., van Angelen, J. H., Lenaerts, J. T. M., van den Broeke, M. R., and Gallée, H.: Estimating Greenland35

ice sheet surface mass balance contribution to future sea level rise using the regional atmospheric climate model MAR, The Cryosphere,

7, 469–489, doi:10.5194/tc-7-469-2013, 2013.

13

The Cryosphere Discuss., doi:10.5194/tc-2017-47, 2017
Manuscript under review for journal The Cryosphere
Discussion started: 24 April 2017
c© Author(s) 2017. CC-BY 3.0 License.



Fogwill, C. J., Turney, C. S. M., Meissner, K. J., Golledge, N. R., Spence, P., Roberts, J. L., England, M. H., Jones, R. T., and Carter, L.:

Testing the sensitivity of the East Antarctic Ice Sheet to Southern Ocean dynamics: Past changes and future implications, Journal of

Quaternary Science, 29, 91–98, doi:10.1002/jqs.2683, 2014.

Foster, G. and Rohling, E.: Relationship between sea level and climate forcing by CO2 on geological timescales, Proceedings of the National

Academy of Sciences, 110, 1209–1214, doi:10.1073/pnas.1216073110, 2012.5

Frankignoul, C. and Hasselmann, K.: Stochastic climate models, Part II – Application to sea-surface temperature anomalies and thermocline

variability, Tellus, 29, 289–305, doi:10.1111/j.2153-3490.1977.tb00740.x, 1977.

Fretwell, P., Pritchard, H. D., Vaughan, D. G., Bamber, J. L., Barrand, N. E., Bell, R., Bianchi, C., Bingham, R. G., Blankenship, D. D.,

Casassa, G., Catania, G., Callens, D., Conway, H., Cook, a. J., Corr, H. F. J., Damaske, D., Damm, V., Ferraccioli, F., Forsberg, R., Fujita,

S., Gim, Y., Gogineni, P., Griggs, J. a., Hindmarsh, R. C. a., Holmlund, P., Holt, J. W., Jacobel, R. W., Jenkins, a., Jokat, W., Jordan,10

T., King, E. C., Kohler, J., Krabill, W., Riger-Kusk, M., Langley, K. a., Leitchenkov, G., Leuschen, C., Luyendyk, B. P., Matsuoka, K.,

Mouginot, J., Nitsche, F. O., Nogi, Y., Nost, O. a., Popov, S. V., Rignot, E., Rippin, D. M., Rivera, a., Roberts, J., Ross, N., Siegert, M. J.,

Smith, a. M., Steinhage, D., Studinger, M., Sun, B., Tinto, B. K., Welch, B. C., Wilson, D., Young, D. a., Xiangbin, C., and Zirizzotti,

a.: Bedmap2: Improved ice bed, surface and thickness datasets for Antarctica, The Cryosphere, 7, 375–393, doi:10.5194/tc-7-375-2013,

2013.15

Frieler, K., Clark, P. U., He, F., Buizert, C., Reese, R., Ligtenberg, S. R. M., van den Broeke, M. R., Winkelmann, R., and Levermann, A.: Con-

sistent evidence of increasing Antarctic accumulation with warming, Nature Climate Change, 5, 348–352, doi:10.1038/NCLIMATE2574,

2015.

Fyke, J. G., Miren, Vizcaíno, Lipscomb, W., and Price, S.: Future climate warming increases Greenland ice sheet surface mass balance

variability, Geophysical Research Letters, 41, 470–475, doi:10.1002/2013GL058172, 2014.20

Gasson, E., Siddall, M., Lunt, D. J., Rackham, O. J. L., and Lear, C. H.: Exploring Uncertainties in the Relationship Between Temperature ,

Ice Volume , and Sea Level Over the Past 50 Million Years, Reviews of Geophysics, 50, 1–35, doi:10.1029/2011rg000358, 2012.

Greenbaum, J. S., Blankenship, D. D., Young, D. a., Richter, T. G., Roberts, J. L., Aitken, a. R. a., Legresy, B., Schroeder, D. M., Warner,

R. C., van Ommen, T. D., and Siegert, M. J.: Ocean access to a cavity beneath Totten Glacier in East Antarctica, Nature Geoscience, 8,

294–298, doi:10.1038/NGEO2388, 2015.25

Gregory, J. M. and Huybrechts, P.: Ice-sheet contributions to future sea-level change., Philosophical Transactions of the Royal Society A:

Mathematical, Physical and Engineering Sciences, 364, 1709–1731, doi:10.1098/rsta.2006.1796, 2006.

Gregory, J. M., Browne, O. J. H., Payne, A. J., Ridley, J. K., and Rutt, I. C.: Modelling large-scale ice-sheet–climate interactions following

glacial inception, Climate of the Past, 8, 1565–1580, doi:10.5194/cp-8-1565-2012, 2012.

Hasselmann, K.: Stochastic Climate Models – Part I. Theory, Tellus A, 28, 473–485, doi:10.3402/tellusa.v28i6.11316, 1976.30

Hock, R.: Temperature index melt modelling in mountain areas, Journal of Hydrology, 282, 104–115, doi:10.1016/S0022-1694(03)00257-9,

2003.

Huybrechts, P. and de Wolde, J.: The dynamic response of the Greenland and Antarctic ice sheets to multiple-century climatic warming,

Journal of Climate, 12, 2169–2188, https://doi.org/10.1175/1520-0442(1999)012<2169:tdrotg>2.0.co;2, 1999.

IPCC: Summary for Policymakers, book section SPM, pp. 1–30, Cambridge University Press, Cambridge, United Kingdom and New York,35

NY, USA, doi:10.1017/CBO9781107415324.004, www.climatechange2013.org, 2013.

Joughin, I., Smith, B. E., Shean, D. E., and Floricioiu, D.: Brief communication: Further summer speedup of Jakobshavn Isbræ, The

Cryosphere, 8, 209–214, doi:10.5194/tc-8-209-2014, 2014.

14

The Cryosphere Discuss., doi:10.5194/tc-2017-47, 2017
Manuscript under review for journal The Cryosphere
Discussion started: 24 April 2017
c© Author(s) 2017. CC-BY 3.0 License.



Kageyama, M., Charbit, S., Ritz, C., Khodri, M., and Ramstein, G.: Quantifying ice-sheet feedbacks during the last glacial inception, Geo-

physical Research Letters, 31, 1–4, doi:10.1029/2004GL021339, 2004.

Kopp, R. E., Simons, F. J., Mitrovica, J. X., Maloof, A. C., and Oppenheimer, M.: Probabilistic assessment of sea level during the last

interglacial stage., Nature, 462, 863–867, doi:10.1038/nature08686, 2009.

Meinshausen, M., Smith, S. J., Calvin, K., Daniel, J. S., Kainuma, M. L. T., Lamarque, J., Matsumoto, K., Montzka, S. a., Raper, S. C. B.,5

Riahi, K., Thomson, a., Velders, G. J. M., and van Vuuren, D. P. P.: The RCP greenhouse gas concentrations and their extensions from

1765 to 2300, Climatic Change, 109, 213–241, doi:10.1007/s10584-011-0156-z, 2011.

Mengel, M. and Levermann, A.: Ice plug prevents irreversible discharge from East Antarctica, Nature Climate Change, 4, 451–455,

doi:10.1038/nclimate2226, 2014.

Mouginot, J., Rignot, E., and Scheuchl, B.: Sustained increase in ice discharge from the Amundsen Sea Embayment, West Antarctica, from10

1973 to 2013, Geophysical Research Letters, 41, 1576–1584, doi:10.1002/2013GL059069, 2014.

Mudelsee, M.: Climate Time Series Analysis - Classical Statistical and Bootstrap Methods, Springer, doi:10.1007/978-90-481-9482-7, 2010.

Muresan, I. S., Khan, S. A., Aschwanden, A., Khroulev, C., Dam, T. V., Bamber, J., van den Broeke, M. R., Wouters, B., Munneke, P. K.,

and Kjær, K. H.: Modelled glacier dynamics over the last quarter of a century at Jakobshavn Isbræ, The Cryosphere, 10, 597–611,

doi:10.5194/tc-10-597-2016, 2016.15

Oerlemans, J.: A quasi-analytical ice-sheet model for climate studies, Nonlinear Processes in Geophysics, 10, 441–452, doi:10.5194/npg-10-

441-2003, 2003.

Oerlemans, J.: Minimal Glacier Models, Igitur, Utrecht Publishing & Archiving Services, Universiteitsbibliotheek Utrecht, second print in

march 2011 (with some revisions) edn., 2008.

Pollard, D., Muszynski, I., Schneider, S. H., and Thompson, S. L.: Asynchronous Coupling Of Ice-Sheet And Atmospheric Forcing Models,20

Annals of Glaciology, 14, 247–251, doi:10.1017/s0260305500008685, 1990.

Pollard, D., DeConto, R. M., and Alley, R. B.: Potential Antarctic Ice Sheet retreat driven by hydrofracturing and ice cliff failure, Earth and

Planetary Science Letters, 412, 112 – 121, doi:10.1016/j.epsl.2014.12.035, 2015.

Ridley, J., Gregory, J. M., Huybrechts, P., and Lowe, J.: Thresholds for irreversible decline of the Greenland ice sheet, Climate Dynamics,

35, 1049–1057, doi:10.1007/s00382-009-0646-0, 2010.25

Ridley, J. K., Huybrechts, P., Gregory, J. M., and Lowe, J. A.: Elimination of the Greenland Ice Sheet in a High CO$_2$ Climate, Journal of

Climate, 18, 3409–3427, doi:10.1175/JCLI3482.1, 2005.

Rignot, E., Mouginot, J., Morlighem, M., Seroussi, H., and Scheuchl, B.: Widespread, rapid grounding line retreat of Pine Is-

land, Thwaites, Smith, and Kohler glaciers, West Antarctica, from 1992 to 2011, Geophysical Research Letters, 41, 3502–3509,

doi:10.1002/2014GL060140, 2014.30

Robinson, A., Calov, R., and Ganopolski, A.: Multistability and critical thresholds of the Greenland ice sheet, Nature Climate Change, 2,

429–432, doi:10.1038/nclimate1449, 2012.

Rodriguez, R. and Tuckwell, H. C.: Statistical properties of stochastic nonlinear dynamical models of single spiking neurons and neural

networks, Physical Review E, 54, 5585–5590, doi:10.1103/physreve.54.5585, 1996.

Roe, G. H. and O’Neal, M.: The response of glaciers to intrinsic climate variability: observations and models of late-Holocene variations in35

the Pacific Northwest, Journal of Glaciology, 55, 839–854, doi:10.3189/002214309790152438, 2005.

Ruddiman, W. F.: Earth’s Climate - Past and Future, W.H. Freeman, 3rd edition edn., 2014.

15

The Cryosphere Discuss., doi:10.5194/tc-2017-47, 2017
Manuscript under review for journal The Cryosphere
Discussion started: 24 April 2017
c© Author(s) 2017. CC-BY 3.0 License.



Schaefer, J. M., Finkel, R. C., Balco, G., Alley, R. B., Caffee, M. W., Briner, J. P., Young, N. E., Gow, A. J., and Schwartz, R.: Greenland

was nearly ice-free for extended periods during the Pleistocene, Nature, 540, 252–255, doi:10.1038/nature20146, 2016.

Seguinot, J.: Spatial and seasonal effects of temperature variability in a positive degree-day glacier surface mass-balance model, Journal of

Glaciology, 59, 1202–1204, doi:10.3189/2013JoG13J081, 2013.

Seroussi, H., Morlighem, M., Rignot, E., Mouginot, J., Larour, E., Schodlok, M., and Khazendar, A.: Sensitivity of the dynamics of Pine5

Island Glacier, West Antarctica, to climate forcing for the next 50 years, The Cryosphere, 8, 1699–1710, doi:10.5194/tc-8-1699-2014,

2014.

Solgaard, A. M. and Langen, P. L.: Multistability of the Greenland ice sheet and the effects of an adaptive mass balance formulation, Climate

Dynamics, 39, 1599–1612, doi:10.1007/s00382-012-1305-4, 2012.

Stocker, T., Qin, D., Plattner, G.-K., Alexander, L., Allen, S., Bindoff, N., Bréon, F.-M., Church, J., Cubasch, U., Emori, S., Forster, P.,10

Friedlingstein, P., Gillett, N., Gregory, J., Hartmann, D., Jansen, E., Kirtman, B., Knutti, R., Krishna Kumar, K., Lemke, P., Marotzke,

J., Masson-Delmotte, V., Meehl, G., Mokhov, I., Piao, S., Ramaswamy, V., Randall, D., Rhein, M., Rojas, M., Sabine, C., Shindell, D.,

Talley, L., Vaughan, D., and Xie, S.-P.: Technical Summary, book section TS, pp. 33–115, Cambridge University Press, Cambridge, United

Kingdom and New York, NY, USA, doi:10.1017/CBO9781107415324.005, www.climatechange2013.org, 2013.

Strugnell, J. M., Watts, P. C., Smith, P. J., and Allcock, A. L.: Persistent genetic signatures of historic climatic events in an Antarctic octopus,15

Molecular Ecology, 21, 2775–2787, doi:10.1111/j.1365-294X.2012.05572.x, 2012.

Sun, S., Cornford, S. L., Liu, Y., and Moore, J. C.: Dynamic response of Antarctic ice shelves to bedrock uncertainty, The Cryosphere, 8,

1561–1576, doi:10.5194/tc-8-1561-2014, 2014.

van de Wal, R. S. W. and Oerlemans, J.: An energy balance model for the Greenland ice sheet, Global and Planetary Change, 9,

doi:10.1016/0921-8181(94)90011-6, 1994.20

von Storch, H. and Zwiers, F. W.: Statistical Analysis in Climate Research, Cambridge University Press, netlibrary edition edn., http://www.

leif.org/EOS/vonSt0521012309.pdf, 2003.

Wake, L. and Marshall, S.: Assessment of current methods of positive degree-day calculation using in situ observations from glaciated

regions, Journal of Glaciology, 61, 329–344, doi:10.3189/2015JoG14J116, 2015.

Ziemen, F. A., Rodehacke, C. B., and Mikolajewicz, U.: Coupled ice sheet–climate modeling under glacial and pre-industrial boundary25

conditions, Climate of the Past, 10, 1817–1836, doi:10.5194/cp-10-1817-2014, 2014.

16

The Cryosphere Discuss., doi:10.5194/tc-2017-47, 2017
Manuscript under review for journal The Cryosphere
Discussion started: 24 April 2017
c© Author(s) 2017. CC-BY 3.0 License.


