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Abstract. The growth and retreat of continental ice sheetsexhibited a considerably warmer Arctic than today (e.g.,
in the past has largely been a response to changing climatiBakker et al. 2013 Lunt et al, 2013, so while it is not
forcing. Since ablation is the principal component of massa perfect analogue for the future due to its different orbital
loss for land-based ice sheets, the calculation of surface meltonfiguration, it can still be used to learn about ice sheet
is an important aspect of paleo ice sheet modeling. Changesensitivity during warmer periodss@nopolski and Robin-
in insolation are often not accounted for in calculations of son 2011). Aside from records obtained from several ice
surface melt, under the assumption that the near-surface tenzores (e.g.Vinther et al, 2009 NEEM Community Mem-
perature transmits the majority of the climatic forcing to the bers 2013 and marine sediment cores (e.@glville et al,
ice sheet. To assess how this could affect paleo simulation®2011), dynamic ice sheet modeling is the major source of
here we investigate the importance of different orbital config-information used to constrain past ice sheet conditions and
urations for estimating melt on the Greenland ice sheet. Weevolution.
find that during peak Eemian conditions, increased insolation Transient coupled climate—ice-sheet simulations at high
contributes 20-50 % to the surface melt anomaly. Howeverspatial resolution — needed to explicitly model ice—climate
this percentage depends strongly on the temperature anomaigteractions — are largely not feasible on glacial-interglacial
at the time. For higher temperature anomalies, the role of intimescales. Therefore, a range of climate modeling strate-
solation changes is less important. This relationship is nogies is currently applied to improve our understanding of
homogenous over the ice sheet, since the contribution of inice sheet evolution during past climates. At one end of the
solation to melt is modulated by the local surface albedo. Inspectrum are regional climate models (RCMs) of high spatial
coupled simulations, the additional insolation-induced meltresolution that include a full representation of the ice/snow—
translates into up to threefold more ice volume loss, com-atmosphere interface (e.ddelsen et al.2013. However,
pared to output using a model that does not account for insoRCMs must be forced at the lateral boundaries by output
lation changes. We also introduce a simple correction factofrom past climate simulations with general circulation mod-
that allows reduced-complexity melt models to account forels (GCMs), which usually implies a fixed ice sheet sur-
changes in insolation. face elevation or strategies to circumvent this problem (e.g.,
Helsen et al. 2012 Edwards et al.2014a b). Attempts
have also been made to directly couple ice sheet models and
] GCMs (e.g.,Fyke et al, 2011 Lipscomb et al.2013, but
1 Introduction the high computational demands of both RCMs and GCMs
currently limit long-term transient simulations to those using

Paleo ice sheet studies can help to constrain an ice shee ynchronous couplingrelsen et al.2013 or other interpo-
evolution for a wide range of climatic conditions, leading to lation strategies (e.gStone et al 20'13

both a better understanding of past climatic changes and re- At the other end of the spectrum are modeling strategies

duce.d uncertalnty conceming potential future changes. Th‘?hat allow for full glacial-interglacial simulations. Currently,
Eemian interglacial, for example, has been shown to have
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this requires intermediate complexity and/or highly param-fluxes, wherer is the daily mean temperature akdcandc
eterized representations of the processes that drive the icare constants. The parameges= 10 is chosen such that it
sheet evolution, in particular for the climate and the inter- corresponds to a melt rate of 3mm w.e. per degree, analo-
face between the atmosphere/ocean and the ice sheet (e.ggus to the typical choice of degree-day factor for snow in
Letreguilly et al, 1991 Ritz et al, 1997 Ganopolski and the PDD approachReeh 1991). ¢ is used as a free parame-
Calov, 201% Robinson et aJ.2011). Many paleo modeling ter that depends on the region being modeieth(den Berg
studies parameterize ice sheet surface melting as a functioet al, 2008 and the representation of albedRopinson et a).
of temperature (e.gLetreguilly etal, 1991 Ritz et al, 1997 2010. py is the density of water anll, is the latent heat of
by relying on the widely used positive degree-day (PDD) ap-melting. We calculate the daily melt rate by multiplying
proach Reeh 1991). by the seconds in a day. This melt equation applies locally at
In the PDD approach, insolation is not explicitly consid- each grid point; thus both the insolatiSnand the tempera-
ered, which could lead to unwanted biases mainly during peture T are spatially and temporally varying terms.
riods with higher than present-day insolation. This is due to The only two forcing variables in Eql) are insolation and
the fact that PDD implicitly accounts for a certain contribu- temperature, which is a great simplification of a full energy
tion of insolation to the melt rate based on present-day insobalance at the surface. Nonetheless, in most climatic scenar-
lation. In reality, when insolation increases, the proportion ofios at the continental scale, it can be assumed that this forcing
melt due to insolation increases (and vice versa), which im-carries the information necessary to represent the energy bal-
plies that the PDD coefficients should change too. The relaance well to the first order. In this context, such an equation
tive importance of insolationhangesiuring the Eemian has is convenient because we can easily assess how a change in
been estimated to be 45-50 % of the total melt anomaly byeither insolation or temperature would affect the calculated
applying either a simplified energy-balance equation that in-melt not accounting for second-order effects on atmospheric
cludes the effect of insolatiofRpbinson et a].2010 or a full transmissivity. For example, by examination, it is clear that if
RCM (van de Berg et al2011) for peak Eemian conditions. insolation is held constant (e.g., at present-day levels), then
While these studies only consider peak insolation anomaliedts relative contribution to total melt will decrease asymp-
relative to today, it is clear that such a large contribution tototically as temperatures become higher. Conversely, at low
melt should not be ignored. temperatures melt is determined more strongly by insolation.
For the present study, we extend the analysis of insolation- Given Eq. () for the melt rate, which is a function of in-
related melt to the entire Eemian and Holocene (Sects. 2 andolation, temperature, transmissivity and surface albedo, it is
3) to better understand how the contribution of insolation topossible to isolate the influence of changing insolation on the
surface melt changes for different orbital configurations. Inestimated surface melt for any local conditions:
doing so, we also derive a general parameterization that can

be used to correct for the melt contribution due to insolationinsol = M(S. T, 7a as) — M (So. T’ 7a, @s)

changes in melt models that lack that component (Sects. 4 — 1 Ta(1— ag) (S — So)
and 5). PwLm
= a(§—50), 2
2 Melt equations where Sp is the spatially and seasonally explicit inso-

lation fixed to present-day levels. If the surface albedo
In order to be able to derive analytical estimates of the con-and atmospheric transmissivity are known, the value of
tribution of insolation anomalies to total melt, we use asim-a (m*W~1s™1) can be determined analyticallyz =
plified energy-balance equation for melt that includes con-(pwLm)* ra(1—as). However, all of these variables are typ-
tributions from insolation and temperatureaf den Berg ically not available in simple models. Assuming that over the
et al, 2008 Robinson et a).2010. This model has been val- ice sheetr,is in the range of 0.5-0.Rpbinson et 82010
idated with simulations of the Eurasian ice she&tn(den  andas is in the range of 0.4 (ice)-0.8 (dry snow), a reason-
Berg et al, 2009 and the Greenland ice shed®gpinson  able range for the coefficientis 3-13x 10 10m3w-1s1,
et al, 201Q 2011, Fitzgerald et a].2019. The insolation—  For a 1 W n7? insolation anomaly over one month, the ad-
temperature melt (ITM) equation approximates the melt rate ditional melt would be between 0.8 and 3.3 mm w.e, not

M (ms1), as counting any feedbacks. For comparison, summer insolation
anomalies over Greenland during glacial-interglacial cycles
1 —2
M =[ta(l—as)S+c+AT] ] (1)  canrange from-50 to+80 W m=.
PwLlm

Inthe first term S is the incoming solar radiation at the top of 3 Assessing the insolation-anomaly melt contribution
the atmospherer, is the atmospheric transmissivity ang

is the surface albedo. The second termAT is a linear pa- We performed two sets of experiments to assess the impor-
rameterization of the long-wave radiation and turbulent heatance of insolation anomalies on melt — one set using the
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Figure 1. Melt anomalies relative to the present day for the Eemian (left) and the Holocene (right). Top: representative insolation anomaly at
72° N for summer months (March—September). Middle: melt anomalies, given a constant JJA temperature anofi@alyabélBated from

the full model (thick line), the reduced model (thin line) and the reduced model using surface conditions from the full model (dashed line).
Bottom: percentage of the melt anomaly due to changes in insolation for constant summer temperature anomalies of °iC 3béune] 5

purple and red, respectively).

standard ITM model (referred to as the “full model") and one  The insolation anomaly has a nonlinear effect on the to-
set using the ITM model with insolation fixed to its present- tal melt via the albedo-melt feedback. To quantify the pure
day values (referred to as the “reduced model"). For theseontribution of insolation changes to melt without this feed-
experiments, we held the Greenland ice sheet topographipack, in each simulation using the full ITM model, we also
constant to its present-day distribution (no ice sheet model)simultaneously calculated the melt that would be predicted,
Each transient simulation consisted of calculation of the surgiven present-day insolation. In this way, the melt in both
face melt over the Eemian (135-115 ka BP) and the Holoceneases is calculated using the same surface conditions (albedo,
(15-0ka BP) interglacial periods. We also applied constanisnowpack thickness) that evolve as determined by the full
temperature anomalies of 1, 3 antiGthroughout the simu-  model. The difference betweeu(S) and this synthetic melt
lations. These idealized experiments help us to quantify eacliM (So)si1) is equal to the analytical contribution of insola-
component of melt, whereas later we will show results fromtion to melt (Minso) from Eq. @). Through this decomposi-
a realistic experimental setup with changing ice sheet geomtion, we find that the albedo—melt feedback accounts for up to
etry and transient temperature anomalies. 30 % of the additional melt due to insolation, or 10 % of the
Figure 1 shows the time series of annual simulated Greentotal melt anomaly, in case of &8 temperature anomaly.
land ice sheet melt for several experiments. During peak Figure 2 shows the spatial distribution of melt anomalies
Eemian conditions (in terms of summer insolation anomaly)at 126 ka BP, given a3 temperature anomaly. As expected,
and for a 3C temperature anomaly, the melt predicted by thehigher melt anomalies are found at lower surface elevations
full model (M (S)) is ca. 30 % higher than the melt predicted near the margins. However, the percentage of melt due to
when insolation is fixed to present-day valugg(§o)). How- the insolation anomaly increases towards higher elevations,
ever, this percentage depends strongly on the temperatun@here temperatures are lower. In the interior of the ice sheet
anomaly, which is not well constrained for this time period. where temperatures are well below the freezing point, any
For 1 and 3C temperature anomalies, the percentage of melsmall amount of additional melt that occurs is due to the inso-
due to insolation changes is 50 and 20 %, respectively. lation anomaly. In intermediate regions, particularly near the
equilibrium line, the insolation anomaly plays an important
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Figure 2. Melt anomaly at 126 ka BP, given £8 summer temperature anomaly relative to today. Left: total melt anomaly (Mjn@enter:
melt anomaly (mmal) due to insolation changes. Right: percentage of melt due to insolation changes. In the center and right panels, the
solid and dashed black lines show the equilibrium line altitude for the #4(lY)) and reduced modeM (Sp)), respectively.

role in increasing melt and thus in further decreasing themelt termsM(S) and M (Sp)su1 above by performing melt
albedo. It is there that the insolation-related melt anomalycalculations with the full ITM model and, with the same sur-
has the largest absolute value. face conditions, the reduced ITM model (with present-day
insolation). Figure 3 shows the local valuesao€alculated
from this approach for each month as a function of tempera-
ture. These results indicate thatannot be taken as a con-
stant, but must contain some seasonal variation. Furthermore,

Having estimated the melt contribution due to insolation hiah correlation between this variation and local temper
changes, we now derive a parameterization that may be use%l( gh c P
ure exists because the near-surface temperature acts as a

to correct melt models that do not already account for it. The?rst—order roxy of local surface conditions (albedo) and thus
additional contribution is formulated to vanish as the inso- " proxy u It u

lation anomaly approaches zero, which enables the use d f how much insolation can be absorbed at different times in

a classical melt model without modification for the presentt € year.

day and the next few millennia, when insolation changes. To be_tfcer captu_re this local variabilit_y without introdu_c-

are small. This is useful because historically many paleo ice"d E.ldd't'ong! yanables, v;/e pe_lram?cterzlzT thel now spdat_llally
sheet simulations rely on a PDD approach and could be coryaying coe |C|entg ﬁsg un;:tlrc])n ot ? ocal mean darly
rected in a way consistent with previous simulations, rathertemperaturex) and the day of the yearl).

4 Applying and testing a correction term

than employing a different melt model (such as ITM) alto- ;501 = a(T, d)(S — So), (4)
gether. ) ) o )

Our parameterization follows from Eq2)( in that the ~ Wherea(T,d) is a piecewise linear function of T:
insolation-related melMjsso) is a function of the insolation 0, it T < T
anomaly multiplied by an empirical coefficient The coef- _ (T—Thmin) it 7 - T <T. 5
ficienta to the first order could be considered as a constant® = | “M@max—Tmin)* ' min < £ < fmax ®)
representing average local conditions of surface albedo and dmax, if 7> Tmax.

atmospheric transmissivity for the ice sheet. In practice, hOWThe values Ofumay and Tmax Were chosen to be constant

ever, such an approach leads to significant errors. Instead, WS simplicity. Tmin Was parameterized as a nonlinear sinu-
find that the surface conditions must be taken into account i%oidal function of the time of year betwe@hay in winter

the formulation ofa.
By solving fora in Eq. 2),

1—cos(2r <) \”
= M. T, o) = M(S0, T’ a0 @5) 3) Ttmin = Tmax — (Tmax— Tmin,sum) (#) . ()
S —So ’

we were able to diagnose the empirical model value fafr This formulation follows from the nonlinear relationship
each point on the ice sheet and each month. We obtained thef local conditions to temperature during different seasons.

andTmin,sumin summer (Fig. 4):

a
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Figure 3. Monthly diagnostic values of the coefficiemtversus temperature (shading represents density of points), along with the parame-
terization given by Eq.Q) (magenta line).

Table 1. Optimal parameter values for EqS) @nd ).

Parameter  Units Best value

amax S 82x 10710

0 Tmax °C 4.0
Tmin’sum OC _140

p - 1.3

the year. It can be seen thatreaches values as high as
13x 10°19m3W-1s1 as expected from the analytical cal-
culations. For higher temperatures, it levels out to a more
intermediate value of 8.8 10-1°m3W~1s~1, which corre-
sponds to an average surface state with the albedo of melted
. snow in the modelds = 0.6). The parameterization shows
o deficiencies in the later part of the melt season (e.g., July and
August) when the clear relationship betweeand tempera-
ture breaks down somewhat. During this time, the surface in
Figure 4. Seasonal value dfyyin estimated from a linear fit to the  different locations has had time to evolve in a more complex
diagnostic values af in the range of 0< a < amax (black points)  response to the forcing than can be captured by the param-
and compared to the parameterization given by Ejj(ihagenta  eterization. In effect, the coefficientis acting as a substi-
line). tute for a full surface albedo model, based on the idea that a

simple melt model would not have albedo available. A more

complex approach that better captures the evolution of the
Figure 4 shows howyin, changes over the year according surface conditions would be outside the scope of this first-
to Eg. ©). This is compared with th&-intercept of a linear  order correction term.

-10

Month

fit to each month of values in the range<: < amay, Which We would like to know if such a correction term can be
indicates that our parameterization reproduces the seasonapplied in a melt model that does not account for changes
change in the value dfinin well. The values ofimayx, Tmax in insolation, such as the PDD approach. To be able to com-

Tmin,sum @and the exponenp were tuned to best match the pare our results consistently, we assume that the reduced ITM

diagnosed values af shown in Fig. 3. See Table 1 for the model, in which insolation is fixed to the present day, can be

parameter values used here. used to represent melt from such an approach. This is justi-
Defining @ as a function of temperature and season al-fied because this model has previously been shown to have a

lows us to capture a large part of its variability (Fig. 3). similar sensitivity to climatic changes as the PDD approach,

The relationship is most robust at the start of the meltgiven present-day insolatioR¢binson et a].2010).

season, which is more important for the initiation of melt Based on the above derivation, we Udgso from Eq. @)

and thus for propagating albedo—melt feedbacks throughouto provide a first-order correction to the melt estimated by the

www.the-cryosphere.net/8/1419/2014/ The Cryosphere, 8, 141928 2014
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Figure 5. Greenland ice sheet melt anomalies for the Eemian (left) and the Holocene (right), givéh suBimer temperature anomaly
relative to today, calculated with the full model((S), thick black line), the reduced model(Sp) thin black line) and an ensemble of
insolation-corrected model version® (So)corr) With the parametefi, set to—15,—14, —-13 and—12°C (values represented by cyan to
magenta lines in the order given).

reduced ITM model ¥ (Sp)) for different orbital conditions, M(So) — M(S) (mm/a) Mear = M(S) (mimva)
such that the corrected melt is estimated as EA = G ERN = G

Mcorr = M (So) + Minsol. (7)

Figure 5 shows the transient melt anomaly analogous to the| @
middle panels of Fig. 1, now including results using the cor-
rected melt estimate from Eqr)( Overall, the melt correc-

tion functions as expected. Both entering and leaving the| .
Eemian interglacial, the corrected melt is slightly overesti- |/
mated compared with the full model. This implies that our
formulation ofa is too simplistic to fully capture the surface

conditions during intermediate transition periods. Nonethe-
less, the corrected melt is able to reproduce the full model's
melt very well. Particularly, the rate of increase in melt as
the interglacial intensifies, as well as the timing and magni-
tude of peak melt, are consistent with the full model. There |
is more uncertainty for peak interglacial conditions, as this is — o
when the model has the most freedom to evolve.

We performed several simulations with different values of Figure 6. Error in melt (mma™) for a 3°C summer tempera-
P ture anomaly at 126 ka BP calculated with the reduced (left) and

Tmin sumas a sensitivity study of the correction term. We only insolation-corrected (right) model, compared to melt from the full

modified Tmin sum @s it was found to have the most influ- model. The solid and dashed black lines in the left panel show the
ence on the results, while the remaining tunable parametergquilibrium line altitudes for the full ¥/(S)) and reduced model

(amax Tmax, p) have only a secondary effect (not shown). (3(Sp)), respectively. The dashed magenta line in the right panel

The main impact offmin sum iS to modulate the magnitude shows the same for the insolation-corrected model.

of the correction. Because the insolation correction term is

only nonzero above the value Gin, aSTminsum iNCreases,

the term’s contribution to total melt decreases. We find thattemperatures. Given a total melt anomaly of between 500 and

a value ofTminsum in the range of-15 to —12°C approx- 2000 mm (see Fig. 2) in these regions, it is clear that a model

imates the contribution of insolation well, with an optimal that does not account for insolation changes would signifi-

value of Trin,sum= —14°C. cantly underestimate melt during this time period. Further-
Figure 6 compares the performance of the reduced meltnore, it can be seen that the reduced model shows the equi-

model with that of the corrected model for peak Eemian in- librium line elevation to be much lower than that of the full

solation. While the reduced model is able to reproduce themodel in several regions. This means that the full model has

full model results in the interior of the ice sheet (where melt a significantly wider ablation zone.

is essentially zero), it underestimates the annual melt by up Conversely, the corrected melt model reduces this error

to 400 mm further out towards the margins. The maximumto well below 50 mm in most regions. Only a few spurious

error in melt appears in the intermediate elevations, as insopoints are not well corrected, which is a result of a small

lation becomes less important at lower elevations with higherequilibrium line shift compared to the full model. In regions

The Cryosphere, 8, 14193428 2014 www.the-cryosphere.net/8/1419/2014/
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Figure 7. Transient simulations of the Eemian (left) and the Holocene (right) with a fully coupled climate—ice sheet model. Top: applied
summer temperature anomaly forcing. Bottom: ice volume from simulations in which melt is calculated with the full model (thick black

line), the reduced model forced with present-day insolation (thin black line) and an ensemble of insolation-corrected model versions with the
parameteflyi, set to—15,—-14,—13 and—12°C (values represented by cyan to magenta lines in the order given).

that do experience a significant amount of melt, at interme-about 25 % relative to the present day, with the minimum
diate elevations and towards the margins, the corrected meltolume at 122 ka BP. In contrast, the reduced model gives
model compares very well with the full model. While this a volume reduction of just 8% and faster regrowth, reach-
may be expected from the analytical derivation, the resulting its minimum volume earlier, between 123 and 124 ka BP.
is encouraging since it shows that the proposed formulatioriThere is less variation during the Holocene, largely due to
of a captures the effect of changing surface conditions suffi-the near-zero temperature anomalies applied in these simula-
ciently well. tions. Still the full model produces somewhat more melt as
peak Holocene conditions are reached, leading to a smaller
volume of the ice sheet throughout the Holocene as well.
5 Coupled transient simulations In these fully coupled simulations, the corrected melt
model produces ice loss almost indistinguishable from that
To understand the impact of insolation changes on the evoof the full model. The additional melt provided from the in-
lution of the ice sheet geometry, as well as to further testsolation correction term results in significantly more ice loss
the ability of the new parameterization, we performed tran-throughout both the Eemian and the Holocene compared to
sient simulations using the fully coupled model REMBO- the reduced model. Particularly, the magnitude of ice loss and
SICOPOLIS Robinson et a).201Q 2011). In this setup, the  the timing of the minimum and regrowth are well reproduced
climate model REMBO is driven in the same way as above,by the corrected model. Different values®fin sum perform
but now by a transient time series of temperature anomalie@s expected, with higher parameter values corresponding to
as well (Fig. 7). The temperature anomalies were obtainedess volume reduction throughout the Eemian. The uncer-
from a transient global climate simulation of the last sev- tainty is reduced significantly during the Holocene, given the
eral glacial cyclesGanopolski and Calgv2011). The sur-  lack of such extreme climatic forcing.
face mass balance calculated in REMBO is used to drive the The corrected model also simulates a spatial distribution
ice sheet model SICOPOLISfeve 1997). As before, the  Of ice loss on Greenland that is very similar to that of the full
full version of the melt model is used(S)), along with the ~ model (Fig. 8). When the minimum volume is reached dur-
reduced versionM (So)) with insolation fixed to the present ing the Eemian, the corrected model shows the same pattern
day and the corrected versioM{or). of ice loss everywhere and particularly in the more sensitive
In all simulations, the ice sheet steadily grows enteringnorthwest and southwest regions. The consistency of these
the Eemian (Fig. 7) due to increased precipitation and lowresults further strengthens our confidence in the ability of
temperature anomalies. Its growth slows as the temperatureur formulation ofa to properly account for changing sur-
anomaly becomes positive, and it begins to lose mass afteiace conditions, since in a coupled setup, small differences
peak climatic conditions are reached. It slowly regrows sev-can compound into larger errors.
eral kiloyears later under lower temperatures, with the tim-
ing of recovery depending on the amount of volume lost.
Using the full melt model, the ice sheet volume decreases

www.the-cryosphere.net/8/1419/2014/ The Cryosphere, 8, 141928 2014
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Figure 8. Distribution and timing of the minimum ice sheet volume during the Eemian for coupled simulations using the full model (left),
the reduced model (middle) and the insolation-corrected model (right).

6 Discussion Still, our analytical formulation allows for a negative con-
tribution from insolation when it is lower than today (see

Using the ITM equation, we were able to derive an analyticalFig- 1). Generally, when the local insolation anomaly de-
expression for the insolation-anomaly contribution, given lo- creases faster than the temperature anomaly, including the
cal albedo, transmissivity, temperature and insolation. As théegative contribution to melt from insolation makes the over-
ITM model cannot capture the full complexity of the surface all melt anomaly decline more rapidly. Such transient be-
energy balance of the ice sheet, our analysis can only probavior could have important implications concerning the re-
vide a first-order estimate of insolation’s role in paleo melt- 9rowth of ice sheets after an interglacial period.
ing. The application of full energy-balance models in tran- To be able to account for insolation changes in reduced
sient experiments would allow us to refine our understandingtomplexity melt models via a simple correction term, we pa-
further of how ice sheet melting may have differed during rameterized the analytical coeffician{that encapsulates the
paleoclimatic conditions. contribution of local conditions) as a function of temperature.
Nonetheless, it is clear that the contribution of insola- If the correction term presented here is incorporated into re-
tion changes to melt is intimately linked to the temperatureduced complexity models, such as PDD, it should then be
anomaly experienced at the same time. This link is tightly Possible to tune the insolation-independent parameters from
coupled, because an increase in either term causes a redutesent-day data, while relying on the insolation term to han-
tion in albedo and therefore leads to a increase in melt. Aglle changes in paleo conditions. Such an approach could help
found by previous studies (e.dritzgerald et al.2012), the to better constrain the range of melt model parameters to re-
representation of albedo is a critical component of melt anc@listic values.
surface mass balance modeling. Here we also find that it is This approach is, of course, a great simplification com-
necessary to incorporate at least a simple treatment of albede@red to using an actual surface albedo model. Because
in order to properly simulate the changes in the snowpack. the local temperature provides a relatively consistent (albeit
Ignoring the effect of changing insolation is a systematic crude) picture of the surface conditions, it works fairly well
error that is especially important when modeling the tran-t0 represent the albedo—melt feedback in the correction term.
sient glacial-interglacial cycle and when quantitatively com-On the other hand, our parameterization shows the poorest
paring the Eemian and the present day. Our analysis showRerformance in July and August, when melt reaches its max-
that this effect is indeed very important, both for equilibrium imum. Furthermore, incorporating the effect of insolation
estimates of surface mass balance and especially for simulaghanges into a PDD approach would increase the number of
ing the transient evolution of the ice sheet. parameters used in the model. This implies that a more di-
Our analysis should be valid over all paleoclimatic condi- "€ct approach could be to simply calculate insolation changes
tions, since it accounts for the local insolation anomaly and@nd implement a simple representation of albedo, which
the local surface conditions. Although we have mainly fo- Would facilitate the use of ITM or other energy-balance melt
cused on time periods warmer than today, glacial periods aré0dels.
inconsequential since melt on the ice sheet reduces to zero.

The Cryosphere, 8, 14193428 2014 www.the-cryosphere.net/8/1419/2014/



A. Robinson and H. Goelzer: Insolation in paleo ice sheet modeling 1427

7 Conclusions References

We have quantified the relative importance of insolation Bakker, P., Stone, E. J., Charbit, S., Groger, M., Krebs-Kanzow, U.,
changes to surface melt and its evolution during Eemian Ritz, S. P., Varma, V., Khon, V., Lunt, D. J., Mikolajewicz, U.,
and Holocene conditions using a simplified energy-balance Prange, M., Renssen, H., Schneider, B., and Schulz, M.: Last
model. Its impact is highest for peak Eemian and Holocene interglacial temperature evolution — a model inter-comparison,
conditions and decreases with decreasing insolation. Our re- Clim. Past, 9, 605-619, dd0.5194/cp-9-605-2012013.
. . . Colville, E. J., Carlson, a. E., Beard, B. L., Hatfield, R. G.,
sults are consistent with those Rbbinson et al(2011) and ,
de B 201 ho f d buti f d Stoner, J. S., Reyes, a. V., and Ullman, D. J.: Sr-Nd-Pb Iso-
van de Berg et fa( ?)’W 0, oun gcontrl ution O, aroun . tope Evidence for Ice-Sheet Presence on Southern Green-
5_0% due to h'g.her '”S.C)lat.'on during peak Eemian condi- |5nqg During the Last Interglacial, Science, 333, 620-623,
tions. However, its relative impact on total mglt dgpend; ON  doi:10.1126/science.1204673011.
the temperature anomaly. Locally and for a given insolation,Edwards, T. L., Fettweis, X., Gagliardini, O., Gillet-Chaulet, F.,
its contribution to melt is relatively more important for colder ~ Goelzer, H., Gregory, J. M., Hoffman, M., Huybrechts, P., Payne,
surface conditions. a. J., Perego, M., Price, S., Quiquet, a., and Ritz, C.: Probabilistic
Additionally, we find that the contribution of insolation parameterisation of the surface mass balance—elevation feedback
to melt is nonlinearly dependent on temperature, as feed- in regional climate model simulations of the Greenland ice sheet,
backs between temperature, melting and albedo modify theE dThe(frygsrl’_he::e' 8, 181‘)%94édml':510?4_/&(')8'131”'2%?01'4&' -
ice sheet surface conditions. Spatially, the relative impor-=4Wards: T. L., Fetweis, X., Gagliardini, O., Gillet-Chaulet, F.,
. . . . . Goelzer, H., Gregory, J. M., Hoffman, M., Huybrechts, P., Payne,
tance of insolation is largest in the cold accumulation zone . : . .
. . a. J., Perego, M., Price, S., Quiquet, a., and Ritz, C.: Effect of
and decreases towards the ice sheet margin, where the effect

. A " uncertainty in surface mass balance—elevation feedback on pro-
of temperature is dominant. The largest impact on the SNOW- jections of the future sea level contribution of the Greenland ice

pack can be seen near the equilibrium line, as this is where gheet, The Cryosphere, 8, 195208, 10i5194/tc-8-195-2014

an additional melt contribution can most strongly modify the  2014b.

surface conditions through the albedo—melt feedback. In simFitzgerald, P. W., Bamber, J. L., Ridley, J. K., and Rougier, J. C.:
ulations where the surface mass balance is coupled with a Exploration of parametric uncertainty in a surface mass balance
dynamic ice sheet model, the additional melt due to insola- model applied to the Greenland ice sheet, J. Geophys. Res., 117,
tion and associated feedbacks can cause a significantly larger F01021, doil0.1029/2011JF002062012.

reduction in ice sheet volume during the Eemian. This high-FYke. J- G., Weaver, A. J., Pollard, D., Eby, M., Carter, L., and

lights the need to account for insolation changes in paleo ice Ma_ck!ntosh, A A new coupled ice Sh.eet/d'mate mo_del: de-
. scription and sensitivity to model physics under Eemian, Last
sheet modeling.

d hi vsi h d impl Glacial Maximum, late Holocene and modern climate condi-
Based on this analysis, we have presented a simple param- o5 Geosci. Model Dev., 4, 117-136, dd:5194/gmd-4-117-

eterization that can be used to correct for the effect of inso- 20911 2011.

lation changes in merIs'; that dO_ not explicitly account .for Ganopolski, A. and Calov, R.: The role of orbital forcing, carbon
them. The parameterization provided assumes an additional dioxide and regolith in 100kyr glacial cycles, Clim. Past, 7,
melt contribution due to local insolation anomalies as a func- 1415-1425, doi0.5194/cp-7-1415-2012011.

tion of temperature and season. It also implies that a giver5anopolski, A. and Robinson, A.: Palaeoclimate: The past is not the
melt model will not be modified for present-day insolation, ~ future, Nature Geoscience, 4, 661-663, 10i1038/nge01268
and thus consistency can be maintained with previous work, 2011. . . .

The new parameterization has been shown to give good re(_sreve, R.: A continuum—mechanical formulation for shallow poly-
sults when used to correct the melt calculations of a fully thermal ice sheets, Philosophical Transactions of the Royal So-

coupled ice-climate model simulation that does not explic- ciety of London. Series A: Mathematical, Phys. Eng. Sci., 355,
P PUC" " 921974, doi0.1098/rsta. 1997.0050997.

itly account for insolation changes. Helsen, M. M., Van De Wal, R. S. W.,, Van Den Broeke, M. R., Van
De Berg, W. J., and Oerlemans, J.: Coupling of climate models

. . and ice sheet models by surface mass balance gradients: appli-
Acknowledgementsh. Robinson was funded by project CGL2011-  a4ion to the Greenland Ice Sheet, The Cryosphere, 6, 255-272,

29672-C02-01 (Gobierno de Espafiia, Ministerio de Economia y doi-10.5194/tc-6-255-201201.2.
Competitividad) and the Marie Curie 7th framework programme. Helsen, M. M., Van De Berg, W. J., Van De Wal, R. S. W.

H. Goelzer was funded by the Belgian Federal Science Policy \,n pen Broeke M. R.. and Oerlemans. J.- Coupled regional
Office within its Research Programme on Science for a Sustainable cIimate—ice-shee,t simulf;ltion shows Iimitéd Greenland ice loss

Development under contract SD/CS/06A (iCLIPS). during the Eemian, Clim. Past, 9, 1773-1788, Hi5194/cp-9-
1773-20132013.

Letreguilly, A., Huybrechts, P., and Reeh, N.: Steady-state charac-
teristics of the Greenland ice sheet under different climates, Jour-
nal Of Glaciology, 37, 149-157, 1991.

Lipscomb, W. H., Fyke, J. G., Vizcaino, M., Sacks, W. J., Wolfe,
J., Vertenstein, M., Craig, A., Kluzek, E., and Lawrence, D. M.:

Edited by: M. van den Broeke

www.the-cryosphere.net/8/1419/2014/ The Cryosphere, 8, 141928 2014


http://dx.doi.org/10.5194/cp-9-605-2013
http://dx.doi.org/10.1126/science.1204673
http://dx.doi.org/10.5194/tc-8-181-2014
http://dx.doi.org/10.5194/tc-8-195-2014
http://dx.doi.org/10.1029/2011JF002067
http://dx.doi.org/10.5194/gmd-4-117-2011
http://dx.doi.org/10.5194/gmd-4-117-2011
http://dx.doi.org/10.5194/cp-7-1415-2011
http://dx.doi.org/10.1038/ngeo1268
http://dx.doi.org/10.1098/rsta.1997.0050
http://dx.doi.org/10.5194/tc-6-255-2012
http://dx.doi.org/10.5194/cp-9-1773-2013
http://dx.doi.org/10.5194/cp-9-1773-2013

1428 A. Robinson and H. Goelzer: Insolation in paleo ice sheet modeling

Implementation and Initial Evaluation of the Glimmer Commu- Robinson, A., Calov, R., and Ganopolski, A.: Greenland ice sheet
nity Ice Sheet Model in the Community Earth System Model, J. model parameters constrained using simulations of the Eemian
Climate, 26, 7352—-7371, d40.1175/JCLI-D-12-00557,2013. Interglacial, Clim. Past, 7, 381-396, dii.5194/cp-7-381-2011

Lunt, D. J., Abe-Ouchi, A., Bakker, P., Berger, A., Braconnot, P, 2011.

Charbit, S., Fischer, N., Herold, N., Jungclaus, J. H., Khon, V. C., Stone, E. J., Lunt, D. J., Annan, J. D., and Hargreaves, J. C.: Quan-
Krebs-Kanzow, U., Langebroek, P. M., Lohmann, G., Nisan- tification of the Greenland ice sheet contribution to Last Inter-
cioglu, K. H., Otto-Bliesner, B. L., Park, W., Pfeiffer, M., Phipps, glacial sea level rise, Clim. Past, 9, 621-639, t0i5194/cp-9-

S. J., Prange, M., Rachmayani, R., Renssen, H., Rosenbloom, N., 621-20132013.

Schneider, B., Stone, E. J., Takahashi, K., Wei, W., Yin, Q., andvan de Berg, W. J., van den Broeke, M., Ettema, J., van Meij-
Zhang, Z. S.: A multi-model assessment of last interglacial tem- gaard, E., and Kaspar, F.: Significant contribution of insolation
peratures, Clim. Past, 9, 699-717, d6i.5194/cp-9-699-2013 to Eemian melting of the Greenland ice sheet, Nature Geosci., 4,
2013. 1-5, doi10.1038/ngeo01242011.

NEEM Community Members: Eemian interglacial reconstructedvan den Berg, J., van de Wal, R., and Oerlemans, H.: A
from a Greenland folded ice core, Nature, 493, 489-494, mass balance model for the Eurasian Ice Sheet for the
doi:10.1038/nature11782013. last 120,000 years, Global Planet. Change, 61, 194-208,

Reeh, N.: Parameterization of melt rate and surface temperature on doi:10.1016/j.gloplacha.2007.08.01208.
the Greenland ice sheet, Polarforschung, 59, 113-128, 1991. Vinther, B. M., Buchardt, S. L., Clausen, H. B., Dahl-Jensen,

Ritz, C., Fabre, A., and Letreguilly, A.: Sensitivity of a Green- D., Johnsen, S. J., Fisher, D. A., Koerner, R. M., Raynaud,
land ice sheet model to ice flow and ablation parameters: con- D., Lipenkov, V., Andersen, K. K., Blunier, T., Rasmussen,
sequences for the evolution through the last climatic cycle, Clim.  S. O., Steffensen, J. P., and Svensson, A. M.: Holocene
Dynam., 13, 11-23, ddi0.1007/s003820050149997. thinning of the Greenland ice sheet, Nature, 461, 385-388,

Robinson, A., Calov, R., and Ganopolski, A.: An efficient regional  doi:10.1038/nature08352009.
energy-moisture balance model for simulation of the Greenland
Ice Sheet response to climate change, The Cryosphere, 4, 129—

144, doi10.5194/tc-4-129-201@010.

The Cryosphere, 8, 14193428 2014 www.the-cryosphere.net/8/1419/2014/


http://dx.doi.org/10.1175/JCLI-D-12-00557.1
http://dx.doi.org/10.5194/cp-9-699-2013
http://dx.doi.org/10.1038/nature11789
http://dx.doi.org/10.1007/s003820050149
http://dx.doi.org/10.5194/tc-4-129-2010
http://dx.doi.org/10.5194/cp-7-381-2011
http://dx.doi.org/10.5194/cp-9-621-2013
http://dx.doi.org/10.5194/cp-9-621-2013
http://dx.doi.org/10.1038/ngeo1245
http://dx.doi.org/10.1016/j.gloplacha.2007.08.015
http://dx.doi.org/10.1038/nature08355

