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Why modeling ice sheets?

I knowledge of changes in Greenland and Antarctica is critical for
understanding present and future sea level rise

I holds a great potential to raise sea level substantially
I observations over the past decades show

I rapid acceleration of several outlet glaciers
I increased mass loss
I thinning around the margin
I loss of ice shelves
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How does an ice sheet lose mass?

Ice Flow

Surface Melt

Basal Melt

Ice Discharge

modified from ICESat brochure

before the mid-90s mass loss was dominated by surface mass balance
ice discharge = ice thickness × vertically-averaged horizontal velocity
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Jakobshavn Isbræ, west Greenland

based on MODIS mosaic from M. Fahnestock
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Jakobshavn Isbræ, west Greenland

NASA/Goddard Space Flight Center Scientific Visualization Studio
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Speed-up of Jakobshavn Isbræ 1992-2000

I almost doubled its flow speed between the 1992 and 2000

Joughin et al. (2004)
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What has the future in stock?

Since 2000 the mass balance
has been persistently negative
with

I a decrease in surface
mass balance

I an increase in ice
discharge

Rignot et al, 2011

“Realistic projections of ice sheet response to a changing climate should be
based on a physical understanding of the processes involved, rather than
trend extrapolation of historical observations” (Arthern & Hindmarsh,
2006)
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Parallel Ice Sheet Model

Documentation: www.pism-docs.org
Source code: https://github.com/pism/pism

I open-source
I parallel
I high-resolution

I led by PI Ed Bueler, UAF
I jointly developed by UAF and Potsdam Institute for Climate Impact

Research
I main software engineer: Constantine Khroulev, UAF
I > 20 contributors and users worldwide
I supported by NASA (Modeling, Analysis, and Prediction)
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Key ingredients for successful ice sheet modeling

Among others we need
I decent model physics
I accurate boundary conditions

I most sensitive to errors in ice thickness and basal topography (Larour
et al. 2012)

I accurate initial states
I validation (Aschwanden et al., TCD, 2012)

Next
examples of my work in the above areas
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Meltwater storage in firn

(Fig. 3). Here the observed capacity profile resembles a modelled pro-
file (Supplementary Fig. 5) assuming dry-firn compaction26 despite
there being up to 30 melt days18 in some years. Hence, 2,000 m is the
lowest elevation along our transect at which the firn capacity profile is
effectively unreduced by prior meltwater infiltration and refreezing. At
lower (warmer) elevations, the firn capacity is lower than the dry-firn
value because some fraction of the pore space has already been filled by
water or infiltration ice. At the lowest elevations, the capacity at the
start of a melt season is limited to only the prior winter’s snowfall
because all underlying pore space has already been filled. Our transect
therefore spans the portion of Greenland’s firn altered by melt water,
that is, the percolation zone. Because the percolation zone is already in
transition to conditions permitting run-off, near-future sea-level rise
associated with increased melt in the accumulation zone hinges on the
structure and processes in this zone.

To estimate how much water the firn column can actually absorb,
we consider upper and lower bounds on retention. Our use of ‘reten-
tion’ does not distinguish between water stored in liquid or frozen
form. The minimum bound is set by our core data, and is based on

the assumption that all firn capacity in the upper 10 m is filled with
infiltration ice. The high resolution of our ice-core measurements give
confidence that at least this condition is satisfied (Fig. 2a); however, it is
clear from our data that a substantial fraction of melt water is actually
retained at depths of .10 m, and so this estimate produces a certain
lower bound. The maximum-retention bound is set by our radar data,
and is based on the assumption that all existing firn capacity is filled
down to the pore close-off depth. Our radar measurements support
this assumption, but confidence is lower owing to the poorer resolu-
tion of those data. Nevertheless, because we have observed substantial
refreezing events at depths of .10 m, we see no reason why water
should not penetrate through all open and connected pore space.

The quantity of water required to fill pore space, expressed as an
equivalent layer thickness, increases with elevation to a maximum of
,4–10 m, depending on the scenario (Fig. 3c). Integration of a power-
law fit to these data yields an estimate of the total fill capacity of the
percolation zone. The capacity is primarily a function of the ratio of
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Figure 1 | Greenland melt and study location. a, Map of Greenland showing
satellite backscatter measurements of melt in 200718 delineating dry snow
(blue), areas receiving at least one day of surface melt (yellow) and areas that
have modelled negative surface mass29 balance in 2007 and are therefore below
the equilibrium line (red). b, Study transect and intensive study sites plotted on
an image from NASA’s Advanced Spaceborne Thermal Emission and
Reflection Radiometer. The contours show elevation.
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Figure 2 | Firn–ice content. a, Simplified stratigraphic columns from ice cores
showing infiltration ice layers (black) and firn with open pore space (blue). The
bottom axis indicates proportion of core occupied by ice. Core locations
increase in elevation from left to right (1,401, 1,540, 1,710 and 1,997 m) and are
shown in Fig. 1. b, Percentage of 10-m cores occupied by infiltration ice at each
site along study transect (blue circles). The green line is a second-order
polynomial fit to the data with a coefficient of determination of 0.94 and root
mean square error of 6.5.
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I high water storage capacity of
the percolation zone of
Greenland

I this meltwater will not
immediately contribute to
sea-level rise but act as a buffer

I provides modeling challenges
I important to convert surface

elevation changes to mass
changes
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Energy-conserving thermodynamics

Conventional firn and glacier models are not energy conserving. We
replace the advection-diffusion-production equation for temperature

∂T
∂t + v · ∇T = −∇ · q + Q

with a similar equation for enthalpy:

ρ
∂H
∂t + v · ∇H = −∇ · q + Q

Aschwanden and Blatter (2009), Aschwanden et al. (2012)
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Why we need polythermal: basal melt rates

I conservation of
energy

I more realistic
basal melt rates

I more realistic ice
streams

temperature equation
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Aschwanden et al. (2012, modified)
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Why we need polythermal: basal melt rates

I conservation of
energy

I more realistic
basal melt rates

I more realistic ice
streams

enthalpy equation
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Jakobshavn flows fast

I Why does Jakobshavn flow so fast?
I boring from above
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Basal topography

Bamber et al. (2001)

I huge progress between 2001 and 2012
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Basal topography

Griggs et al. (2012)

I huge progress between 2001 and 2012
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It makes a difference
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A new depth sounder

MRI
Development of a high power, large-antenna array for a Basler for
sounding and imaging of fast-flowing glaciers and ultra wideband radars to
map near-surface internal layers. PI: Rick Hale, University of Kansas.
NSF. Current support 2012–2014.
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What’s the weather tomorrow?
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What’s the weather tomorrow?
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What’s the weather tomorrow?
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Weather forecasting 100

B. Taylor says

weather(tomorrow) ≈ weather(today)︸ ︷︷ ︸
0th order

+ weather ′(today)∆t︸ ︷︷ ︸
1th order

Bottom line
I if you don’t know the weather today, you’re unlikely to get

tomorrow’s weather right. . .
I you also need to monitor changes in weather
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Ice sheet “weather” forecasting 100

Because ice sheets change more slowly than the atmosphere, predicting
their behavior over the coming century has more in common with
short-term weather prediction:
small errors in the initial state could systematically affect a forecast
throughout the 21st century.
(Arthern & Gudmundsson, 2010, J. Glaciol)
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Greenland’s future contribution the global sea-level

I produced with the Parallel Ice Sheet Model PISM
I climate forcing from RACMO2/GR using RCP4.5 emission scenario
I what is the difference between the two simulations?
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Initialization, hindcast, forecast

“Traditional”

initialization forecast

This study

initialization hindcast forecast

A hindcast is a way of testing a mathematical model. Known or closely
estimated inputs for past events are entered into the model to see how

well the output matches the known results.
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Initialization

initialization hindcast forecast

I RACMO2/GR driven by
I ERA-reanalysis from 1961-2004
I HadGEM2 from 1971-2004

I PISM driven by mean values of:
2m air temperature climatic mass balance
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Hindcast

initialization hindcast forecast

I RACMO2/GR driven by
I ERA-reanalysis from 1961-2004
I HadGEM2 from 1971-2004

I PISM driven by monthly time-series of:
2m air temperature climatic mass balance
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Forecast

initialization hindcast forecast

I RACMO2/GR driven by HadGEM2 RCP 4.5 forcing
I PISM driven by RACMO climate:

I RACMO - HadGEM2 directly
I RACMO - ERA/HadGEM2 anomalies
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Let’s look at the recent history: model validation

The hindcasts covers an era where we have a variety of in-situ and
remotely-sensed observations such as:

I mean flow speed from 2000,2006–2008
(SAR) from Joughin et al. (2010)
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I cumulative mass change from
2003–2011 (GRACE) from Luthcke et
al. (under review)

I elevation change from 2003–2009
(ICESat) from Sørensen et al. (2011)
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Validation: flow speed
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(a) SAR
(Joughin et al, 2010)

(b) ERA init. (c) HadGEM2 init.

I reasonable agreement with observations
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Validation: mass changes
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I an almost perfect fit (?)
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Validation: ice discharge at ice/ocean interface

estimate by
van den Broeke et al. (2009)

I observed increase not simulated
I simulated ice discharge remains nearly constant
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Wait a minute. . .

I 2000–2008 mass changes equally split between changes in surface
mass balance and ice discharge (van den Broeke et al, 2009)

I but simulated ice discharge is nearly constant
I why do we get such a good agreement with observed mass loss?
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bottom line: careful validation is crucial!
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Validation: surface elevation changes 2003–2009

(a) ICESat
(Sørensen et al, 2011)

(b) ERA init. (c) HadGEM2 init.

too much mass loss around the perimeter
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Conclusions I

discharge
climatic mass balance

total mass change

I despite ERA and HadGEM2 initializations showing very similar mass
loss trends between 2004 and 2010, they differ by 2 cm SLE by 2100

I as a result of having different initial states
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Conclusions II
Switching from

initialization forecast

to

initialization hindcast forecast

facilitates careful and thorough validation of initial states
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and allows measuring the sensitivity to initial states
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Next steps

We need to better understand present-day changes in ice discharge

NASA ROSES 2012
Challenging the Parallel Ice Sheet Model with reproducing the present-day
mass loss signal from the Jakobshavn basin, Greenland. PI A.
Aschwanden, support pending.
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