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Mass Balance

Michiel van den Broeke and Rianne Giesen

7.1 Introduction

In this chapter we discuss the methods used to assess temporal mass changes of
different ice masses—yvalley glaciers, ice caps and ice sheets. We provide definitions
of the key terminology in Sect. 7.2 and discuss the main methods to observe and
model glacier mass balance in Sect. 7.3. Next, we present the specific application
of these methods to valley glaciers and ice caps in Sect. 7.4 and to the two large
ice sheets of Antarctica (Sect. 7.5) and Greenland (Sect. 7.6). The reason for this
subdivision is that the ice sheets are large enough to allow for direct observation
of mass changes by satellite remote sensing and dynamical downscaling of surface
processes (using for example regional climate models), while valley glaciers and
ice caps are usually so small that they require statistical downscaling of satellite
observations or global/regional atmospheric model output.

7.2 Definitions

To be specific, let us consider an ice sheet or glacier which terminates in the ocean, so
that it has a grounding line where it goes afloat. Glacier mass balance (MB, denoted
as B, kg y~!) represents the temporal change of glacier mass M;, which, if we
neglect basal melting of grounded ice and assume that the grounding line position
is stationary, is governed by the difference between surface mass balance (SMB,
denoted §) and ice discharge across the grounding line (D):
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Equation (7.1) states that the mass balance of a glacier can be regarded as the sum
of mass exchange processes at the ice-atmosphere interface (snowfall, sublimation,
meltwater runoff) and at the ice-ocean interface (solid ice discharge, basal melt).
With the grounded part of the ice sheet defined as the region of interest, the melt
beneath floating glacier tongues and ice shelves, which is difficult to quantify (see
Chaps. 4 and 5 on tidewater glaciers and ice shelf-ocean interactions), does not have
to be included in the mass balance equation. However, when the grounding line
migrates, the loss of the overlying ice must be taken into account. Ice discharge
represents the flux of ice across the grounding line of the glacier or ice sheet, and
is determined by the thickness and vertically averaged horizontal ice flow velocity
component normal to the grounding line. Ice flow is the sum of deformation and
basal sliding, as discussed in Chaps. 1 and 3. The surface mass balance S represents
the sum of all mass fluxes towards and away from the glacier’s snow/ice surface (the
latter fluxes taken as having negative sign). It is given by

=S-D. (7.1)

S=P+R-Us—Uys—Egs— M, (7.2)

where P is solid precipitation (snow, hail, freezing cloud droplets), R is rainfall, U
and Uy are sublimation from the surface and drifting snow particles, respectively,
E 45 is erosion of snow by divergence of the drifting snow transport and M is meltwa-
ter runoff. The accumulation and ablation zones of a glacier are defined as the areas
where S > 0 and S < 0, respectively. These zones are separated by the equilibrium
line, where S = 0. Glaciers form at any land-based location where S is positive for
numerous consecutive years; this time span must be large enough for glacier ice to
form out of the slow compression and sintering of the lowest firn layers.

In the surface mass balance Eq. (7.2), runoff M is determined by the liquid water
balance, which is the sum of all sources (water vapour condensation, rainfall and
melt) and (negatively signed) sinks (refreezing and capillary retention) of liquid
water:

M=R+C+M,—R,—F, (7.3)

where C is condensation of water vapour due to the vertical turbulent exchange of
atmospheric moisture, M is surface meltwater production, Ry is retention of liquid
water in the snow/firn by capillary forces and F is refreezing. By including these sub-
surface processes (‘internal accumulation’), S is formally referred to as the ‘climatic
mass balance’ [1]. Instead of evaluating surface mass balance over the entire glacier
surface, S is often measured locally as mass per unit time per unit area. This quantity
is called the specific surface mass balance (abbreviated as SSMB), and we will denote
its value as ¥; it has the same components as S but is expressed inkg m~2 y~! or mm
water-equivalent (mm w.e.) y~!. These local or in situ measurements form the basis

for spatial interpolation that in the end must yield the glacier surface mass balance.
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7.3 Methods

In this section we describe the key methods used to determine the mass balance of
valley glaciers, ice caps and ice sheets. We start with in situ SSMB observations in
ablation and accumulation areas. A partial solution for the poor temporal and spatial
coverage of SSMB observations (Sect. 7.3.1) over glaciers is provided by remote
sensing techniques. To date, however, no technique exists that directly measures
SSMB from space, and this gap is often filled by using atmospheric models. Recent
developments in remote sensing and regional climate modelling now offer three other
methods to estimate glacier mass balance indirectly, which are briefly discussed
below (Sects. 7.3.2-7.3.4).

7.3.1 In Situ Observations

Because of the large variability in its components, SSMB can vary greatly from place
to place and from year to year. As a result, it is necessary to perform numerous and
repeated observations of SSMB (and of discharge D) in order to establish whether a
glacier has positive or negative mass balance, i. e., whether it is growing or shrinking
under present climate conditions. The simplest way to do this is to fix a stake into the
ice/snow of the ablation/accumulation zone of a glacier and return to it one year later
to measure how the surface level has changed (or to monitor the change continuously
with electronic sensors; Fig. 7.1). Over a year, the length difference of the part of the
stake that protrudes above the ice (Ah), multiplied by the density p of the ablated
ice (910 kg m~3) or the accumulated snow (to be measured), yields the value of
2

S = pAh, (7.4)

but several problems of logistical and scientific nature arise with this method. Glaciers
and ice sheets are not easily accessible, making these measurements expensive. In
mild and/or wet regions, annual ice ablation and snow accumulation of up to several
metres pose serious problems for stake observations (the stakes need to be long, and
their drill holes deep), while obtaining reliable snow density profiles over deep layers
is cumbersome. It is often unclear how representative single-point measurements
are for a larger area. Finally, the annual measurements must be performed at the
same time each year. As a result, reliable in situ SSMB datasets measured on ice
sheets and glaciers with long time span and high spatial resolution are scarce. In
the accumulation zone of a glacier, other interpretation problems arise: here, stake
measurements tell us nothing about refreezing and retention (internal accumulation)
so that SSMB cannot be directly determined. To circumvent this problem, SSMB
can also be obtained by drilling a firn core through multiple annual layers and sub-
sequently measuring the amount of mass that has accumulated since a well-dated
horizon (see Chap. 12 on ice cores); the horizon could be an acid layer deposited
after a large volcanic eruption (Fig. 7.2) or a radioactive layer deposited after a
nuclear test. In high-accumulation areas, seasonal cycles in inert chemical species
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Fig.7.1 Cumulative sonic height ranger observations along the K-transect, west Greenland, August
2003—August 2007. Site S5 is situated at ~500 m a.s.1., S6 at ~ 1000 m a.s.1. and S9 at ~ 1500 m
a.s.l., close to the equilibrium line. The build-up of a winter snow layer and its ablation in spring
and summer is clearly visible in the middle ablation zone (S6). Snow accumulation and ablation
approximately cancel near the equilibrium line (S9). At the lowest site (S5) all snow is blown in
crevasses so that almost no winter snow accumulates. Images on the right show the measurement
sites, including mass balance stakes and automatic weather stations (AWSs). The K-transect is a
mass balance stake array of eight sites where annual SSMB and ice velocity have been measured
since 1990

or physical characteristics of the snow and ice layers may be detected and counted
to yield time series of SSMB. A powerful tool for locating reflection horizons in the
firn so as to obtain high spatial resolution accumulation data is snow radar, which
can be mounted on an airplane or towed behind a snowmobile to connect drilling
sites. An overview of SSMB measurement techniques in polar (low) accumulation
areas is provided by Eisen et al. [2].

Once sufficient reliable SSMB observations for a glacier are obtained, a map
can be made using interpolation and extrapolation, thus yielding a value for glacier
surface mass balance. When doing this one must carefully select the interpolation
procedure and quantify the uncertainty in between the observations. As an example,
the left panel of Fig. 7.3 shows an accumulation map of Dronning Maud Land, East
Antarctica, based on the interpolation of sparse SSMB observations (black dots,
[3]). The map predicts low accumulation in a region to the west of a transect near
the coast (encircled), where automated equipment was subsequently installed. Upon
return one year later, it appeared that SSMB was a factor 2.5 higher, and equipment
had to be dug out (inset in Fig. 7.3). Even localized and unpronounced topographic
features, in this case an ice rise, can apparently introduce significant local snowfall
maxima that are not resolved by the sparse SSMB observations; these can nowadays
be better identified using high resolution regional climate models (right panel in
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Fig. 7.2 Experimental setup for medium-deep ice core drilling, including on-site dating using a
di-electrical profiling (DEP) instrument in a snow trench. The graph shows dated volcanic peaks as
a function of depth (converted to metres of water equivalent, m w.e., using firn density)

Fig. 7.3 SSMB map (kg m~2 y~!) of Dronning Maud Land, East Antarctica, based on (left) the
interpolation of observations (black dots) using kriging [3] and (right) calculations of a regional
climate model at 27 km horizontal resolution [4]. Encircled is the area where automated equipment
was installed that unexpectedly needed digging out after only a single year of operation (inset).
Comparison of the two maps shows that numerous small-scale, topographically-forced accumula-
tion features visible on the modelled map are absent from the interpolation-based map
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Fig. 7.3). Comparison of the two panels in Fig. 7.3 shows more examples of such
deficiency of interpolating sparse SSMB observations.

Even with sufficient coverage, in situ measurements of SSMB do not provide
information about the magnitude of the various SSMB [Eq. (7.2)] or liquid water
balance components [Eq. (7.3)]. For instance, a small yet positive SSMB value can
result from any combination of accumulation and ablation processes, as long as the
latter are smaller than the former. This poses a serious interpretation problem: without
knowing the magnitude of individual SSMB components, it is difficult to relate mass
balance changes to changes in climate. This can locally be remedied by installation
of an automatic weather station (AWS) that is equipped with a sonic height ranger
to detect individual accumulation and ablation events. Ideally, several AWSs are
installed along a transect so as to obtain elevational gradients in SSMB components.
Figure 7.1 shows examples of such time series from the ablation zone of the west
Greenland Ice Sheet. If, apart from the standard variables of wind speed, tempera-
ture and humidity, an AWS also measures the surface radiation balance (incoming
and outgoing shortwave and longwave radiation), then melt and sublimation fluxes
can be explicitly quantified in combination with a surface energy balance model
(see Chap. 6).

7.3.2 Satellite/Airborne Altimetry

Repeat satellite/airborne altimetry using radar/laser altimeters mounted on planes
and various satellites (ERS1/2, ICESat, Envisat, CryoSat-2) yields changes in ice
sheet volume, as further detailed in Sect. 13.4. The main instrument limitations arise
from laser degradation and radar altimeters having an unknown penetration depth in
snow, depending on (time-varying) firn density [6]. Before the launch of Cryosat-2 in
2010, radar altimeters did not resolve the narrow, fast flowing outlet glaciers, which
are expected to react most rapidly to environmental changes. The laser altimeter
onboard ICESat did capture these thinning glaciers in detail [7], but laser altimeters
have limited spatial resolution and are sensitive to clouds, prohibiting the collec-
tion of continuous time series in high-accumulation (i. e., frequently overcast) areas.
Moreover, degradation of the lasers in time requires temporally-varying corrections
to be made.

The main methodological uncertainty in altimetry is that the vertical velocity at
the ice sheet surface represents the sum of multiple processes, i.e., surface mass
exchange (melt, sublimation, snowfall), compaction of the firn layer, and the down-
ward movement of the firn/ice interface caused by divergence in the ice flow (Fig. 7.4,
[8]); also see Sect. 13.4. A small basal melt term and vertical bedrock motion are
usually neglected. To translate volume changes to mass changes therefore requires
modelling of surface accumulation variability, which forces changes in firn mass
and depth, and firn densification rate, which forces changes in firn depth. Both these
processes dominate ice sheet elevation changes in areas away from rapid dynamic
changes [5,6]. The inset in Fig. 7.4 explains the confounding effect of accumulation
variability on elevation changes: decadal variability in accumulation that otherwise


http://dx.doi.org/10.1007/978-3-030-42584-5_6
http://dx.doi.org/10.1007/978-3-030-42584-5_13
http://dx.doi.org/10.1007/978-3-030-42584-5_13

7 Mass Balance 167

Accumulation

ace

Surface

fc vmslt Vsubl
Firn compaction Meit Sublimation
Z
- Time (yr)
. E o 50 100 150 200 250
Firn layer [Ty
E 120
£
§ 100
E =
3 E
Ice l E w >
[}
Vim 3 B 0sg
Vertical displacement of ice 008
-o.s§
£
[

Fig.7.4 Vertical velocity components that determine vertical displacement of the glacier surface.
Inset shows artificial SSMB time series with 25 and 100 yr periodicity (upper curve) and the
resulting surface elevation trends (lower curve) using a firn compaction model [5]. This figure is a
combination of Figs. 11.11 and 11.13 of Chap. 11

has zero long-term trend (upper curve) results in slow firn depth changes (lower
curve) that are easily misinterpreted as long term trends in ice sheet mass. Moreover,
identically shaped decadal accumulation variations (indicated as green and blue in
the upper curve) can result in the surface lowering or rising, depending on whether the
anomaly takes place at average accumulation values that are below (green) or above
(blue) the long-term average. More discussion of the firn densification processes
underlying such response is given in Chap. 11 (see Sect. 11.3.1, in particular). When
corrected for these confounding effects, altimetry can provide glacier mass loss rates,
yet the data do not discriminate between the different processes responsible for the
mass changes, i.e., S or D.

7.3.3 Satellite Gravimetry

Satellite gravimetry uses data of the Gravity Recovery And Climate Experiment
(GRACE) twin satellites, launched in 2002, and follow-up missions. The first great
accomplishment of GRACE was that it proved beyond a doubt that the large ice sheets
have been losing mass during the first decade of the twenty-first century (Fig. 7.5).
Like altimetry, GRACE does not discriminate between the various processes respon-
sible for mass loss, but being independent of the other two methods and as the only
method that measures mass change directly, GRACE provides valuable verification
data for other techniques. Methodological uncertainties arise from the large footprint
(A~300 km) and associated “leakage effects”, which make GRACE less useful for
smaller ice caps and glaciers. A large uncertainty is introduced by the post-glacial
rebound correction in Antarctica (see Chap. 15). As with most satellite products, the
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Fig. 7.5 Mass trend according to the Gravity Recovery And Climate Experiment satellite pair
(GRACE, 2003-2010) in cm water equivalent per year. Figure courtesy of Bert Wouters (Utrecht
University)
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Fig.7.6 Schematic drawing of glacier mass in time as measured by GRACE. Since GRACE does
not measure the absolute mass of the glacier (M), and the time scale of operation is relatively short
(about a decade), a mass loss observed by GRACE can be interpreted in multiple ways

relatively short observational period hampers a correct interpretation of the signal in
terms of longer-term changes. Figure 7.6 illustrates this: in the absence of informa-
tion about the total reference mass of the ice sheet (Mj), a negative mass trend in the
brief GRACE time series could either indicate a slow mass oscillation of an ice sheet
in long-term balance or declining mass of an ice sheet out of balance. Combining
GRACE with other techniques can aid the interpretation of these signals (see later
sections on mass balance of the Greenland and Antarctic Ice Sheets).
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7.3.4 Mass Budget Method

The mass budget method quantifies the difference between surface mass gains (snow-
fall) and losses (meltwater runoff, sublimation), which together give the SMB (S, the
red integration surface in Fig. 7.7) and lateral mass loss by solid ice discharge (D, the
blue integration surface). The biggest disadvantage of the mass budget method is that
it attempts to quantify the difference between three large terms (snow accumulation,
solid ice discharge and meltwater runoff), each with relatively large uncertainties.
As a result, the relative uncertainty in their difference can be substantial and some-
times even renders the sign of the glacier mass balance uncertain, i. e., it can not be
stated with statistical certainty whether a glacier is losing or gaining mass. The major
advantage of the mass budget method is that all individual mass balance components
are quantified, providing valuable insights in the physical processes that drive ice
sheet mass change [9].

An SMB value can be obtained through smart spatial interpolation of SSMB obser-
vations [10, 11]; unfortunately, available SSMB data are often not sufficiently dense
to arrive at robust estimates, and they provide limited insight in temporal variabil-
ity. An alternative is offered by regional climate models, sometimes calibrated with
SSMB observations [4,12—14]. Regional climate models explicitly resolve physical
atmospheric processes leading to snowfall and melt, and run at higher resolution (typ-
ically 5-25 km) than global models (100-200 km). When evaluated against SSMB
data, model errors are found to range between 5 and 30%, with the largest uncertain-
ties occurring in regions of extreme (low or high) precipitation, or strong melting,
or pronounced topography that is not well resolved by the model.

Quantifying solid ice discharge D requires observations of ice velocity and thick-
ness at the grounding line. For this, feature tracking with interferometric synthetic
aperture radar (InSAR) is used, which yields surface ice velocity with high accuracy

| Surface mass balance = accumulation - ablation |

accumulation zone equilibrium line

grounding line
equilibrium line

| ablation zone

|
iy ik
calving | ice shelf

bedrock

basal melting

| Discharge = solid ice flux at grounding line = thickness x ice velocity ]

Fig.7.7 Schematic cross-section of a marine- (left) and land-terminating (right) ice sheet. Dashed
lines approximate ice flow lines. Symbols represent integration surfaces for the mass budget method:
red symbols for surface mass balance (SMB) and blue symbols for solid ice discharge (D)
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(< 5% [9,15]). The principles of feature tracking are further explained in Sect. 13.3.3.
The thickness of many ice streams has now been directly measured using airborne
radar with sufficient accuracy (= 10 m). In regions where such data do not yet exist,
satellite altimetry is used [16]; this, in combination with a flotation criterion, yields
thickness with uncertainties of ~ 100 m [17]. To convert elevation to thickness, a
correction must be applied for the density of the firn mantle that covers the ice,
e.g., using a steady-state firn compaction model [8]. For the Greenland Ice Sheet,
where glacier tongues experience significant ablation in summer, this correction is
less important. Finally, corrections must be made for glacier thinning and the mass
flux associated with grounding line migration [9].

7.4  Valley Glaciers and Ice Caps

In this section we describe the application of the methods to assess the mass balance
of valley glaciers and ice caps (GIC), which comprise all glaciers outside the ice
sheets of Greenland and Antarctica.

7.4.1 In Situ Observations

GIC SSMB stake observations have been conducted since the late nineteenth century
[18]. The earlier quantitative measurements were often made at single locations on
a valley glacier and not repeated annually, hence they could not be used to deter-
mine the glacier’s SMB. The longest continuous SMB record with glacier-averaged
annual values dates back to 1946, when a measurement program was started on
Storglacidren in northern Sweden. Since then, surface mass balance observations
have been carried out on GIC in many regions of the world. The number of mass
balance records is heavily biased toward the European Alps, Scandinavia and North
America, where glaciers are relatively accessible. A sample of long cumulative SMB
records for different regions is shown in Fig. 7.8. The three maritime valley glaciers
in Norway had a net surface mass gain over the period 1960-2010, which is mainly
a result of a few years with very high winter precipitation around 1990. All other
glaciers in Fig. 7.8 show a net surface mass loss between 1960 and 2010, which
often accelerated after the year 2000. Different GIC in the same region generally
show similar interannual variability, although the absolute values of the SMB vary.
Interannual variations in SMB are largest for the maritime glaciers in Norway with
large amounts of solid precipitation, and smallest for the dry Arctic glaciers. These
long SMB records are very valuable for the purpose of obtaining a first indication of
mass changes in different regions. However, variations of the total cumulative change
for the GIC within a region can be large and can thus complicate the upscaling of
the measurements to estimate the mass change for the whole region.
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Fig. 7.8 Cumulative surface mass balance from measurements on glaciers in four regions of the
world. Data provided by the World Glacier Monitoring Service (updated, and earlier issues, [19])

7.4.2 Modelling

While SSMB observations provide a wealth of information on the relation between
climate and GIC mass changes, they are often supplemented by SMB models, in
order to: (1) extend the period with mass balance measurements further back in time
or into the future; (2) estimate SMB for glaciers without observations; (3) study the
importance of different terms in the surface mass and energy balance; and (4) deter-
mine the sensitivity of the SMB to changes in climatic variables. Models of various
degrees of complexity are used to compute GIC mass balance. The choice of model
is usually determined by the available meteorological input data and observations for
model calibration. Since positive mass contributions primarily come from solid pre-
cipitation, accumulation is generally simply derived from precipitation input data.
A threshold temperature or temperature range is used to distinguish between rain
and snow. On GIC outside the tropics, runoff from melting is the most important
negative term in the surface mass balance. The following paragraphs discuss three
models of different complexity (positive-degree-day, simple surface energy balance,
full surface energy balance) that are commonly used to calculate surface melt.

The most simple model is the temperature-index or positive-degree-day (PDD)
model, where ablation is assumed to be an empirical function of the sum of days with
positive air temperatures (for a review of the method, see [20]). The melt rate changes
considerably when the surface cover changes from snow to ice, as this affects the
albedo; this is not reflected in the measured air temperature. It is therefore common



172 M.van den Broeke and R. Giesen

practice to use two different PDD melt factors: one for snow and one for ice. The
values of these melt factors depend on the importance of the temperature-dependent
fluxes (mainly longwave radiation and the turbulent fluxes) in the energy balance
and need to be calibrated with ablation measurements from the glacier of inter-
est. Since the PDD method implicitly assumes that seasonal variations in net solar
radiation (which do not depend on air temperature) coincide with air temperature
variations, this model only works when this is actually the case. Furthermore, since
net solar radiation is combined with the temperature-dependent fluxes, the sensitivity
of the melt rate to changes in air temperature is not correct. An often-used motiva-
tion for using a PDD model instead of a more sophisticated representation of the
surface energy fluxes is that meteorological input data other than precipitation and
air temperature are not available. However, a separation of the contributions by net
solar radiation and the temperature-dependent fluxes can be made without requir-
ing additional meteorological input data [21]. For a physical representation of the
surface energy balance, it is important that the terms for net solar radiation and the
temperature-dependent fluxes are added, not multiplied, as is done in some models.

Seasonal cycles of the SSMB components modelled with a PDD model and a
simple surface energy balance (SEB) model are shown in Fig. 7.9 for two automatic
weather station (AWS) sites on glaciers in Switzerland and Iceland. For the Swiss
glacier, the seasonal cycles in net solar radiation and air temperature are rather
similar and the SSMB calculated with the PDD model reproduces the measurements
reasonably well. Compared to the surface energy fluxes modelled with the simple
SEB model, the PDD model underestimates melt in spring and overestimates melt in
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Fig.7.9 Measured and modelled seasonal cycles of the surface energy flux and surface mass balance
for AWS sites on Vadret da Morteratsch in Switzerland and Breidamerkurjokull in Iceland. Results
are obtained with a positive-degree-day (PDD) and a simple surface energy balance (SEB) model.
Also shown are the measured seasonal cycles of net solar radiation and air temperature
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the late summer and autumn. On the maritime Icelandic glacier, the seasonal cycle in
air temperature has a low amplitude, while net solar radiation varies strongly through
the year. Because the maximum in net solar radiation occurs well before the maximum
air temperature, the PDD model considerably underestimates melt in spring, while
there is too much melt from the late summer into the winter. Furthermore, the low-
amplitude seasonal cycle in air temperature results in large melt factors and too large
interdaily variations in the surface energy flux.

When meteorological variables like cloud cover, relative humidity and wind speed
are also available, all fluxes in the surface energy balance can be calculated separately.
This results in more realistic variations in the melt rate and allows for a thorough
SMB sensitivity analysis to changes in meteorological variables. Input data can
be either observations from weather stations situated on or near the glacier, or the
output fields of high-resolution regional climate models. Since the observations at the
weather stations or model gridpoints generally do not cover the full glacier altitudinal
range, the input data are extrapolated over the glacier surface using simple functions
of the variation of the meteorological variables with elevation. The surface energy
fluxes are parameterized as functions of the meteorological input variables; many
different parameterizations are available from the literature [22-24]. If available,
measured surface energy fluxes are used to calibrate the model parameters. Most of
these sophisticated SMB models include a layered subsurface model, which is used
to treat the subsurface heat flux, routing of meltwater through the snowpack, and
refreezing of meltwater in cold layers.

Figure 7.10 shows the SSMB map for the ice cap Hardangerjgkulen in southern
Norway, calculated with a distributed SSMB model using input data from nearby
weather stations. The annual SSMB is primarily a function of altitude, with the most
positive values around the summit. Like many ice caps, Hardangerjgkulen has a
relatively large and flat accumulation area (where ¥ > 0), while most of the melt
and runoff occurs on the steeper outlet glaciers. Deviations from the altitudinal mean

(mw.e.) (mw.e.)

contour=0.2 m w.e.

-0.5

Fig.7.10 a Annual mean and b altitudinal deviation of the SMB distribution of Hardangerjgkulen
for the period 1961 to 1990, modelled with meteorological data. For each grid cell, the altitudi-
nal deviation gives the local mass balance deviation from the mean surface mass balance for the
corresponding 5 m altitude interval. Figure from [25]
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mass balance, mainly resulting from differences in incoming solar radiation due
to the orientation of the surface and shading by the surrounding topography, are
considerable on some of the outlet glaciers.

7.4.3 Dynamical Response

All glaciers are slowly but continuously changing their geometry to respond to mass
balance variations induced by changes in the climate. Especially after multi-year
periods with a net positive or negative mass balance, the glacier area and surface
elevation may change substantially. Since the SSMB at each position depends on its
elevation, changes in the glacier geometry need to be taken into account both for
interpreting mass-balance measurements and for modelling mass balance. Glacier
maps are often updated after one to three decades, and reported surface mass balance
values refer to the last available (most recent) glacier map for that year. This change
of reference surface needs to be taken into account when comparing measured and
modelled SSMB. Since the SSMB values encapsulate both geometric and climatic
variations, changes in the mass balance cannot directly be related to climate forcing.
For this purpose, the use of one constant reference surface is recommended.

Consecutive glacier maps provide an independent validation of in situ SSMB
measurements. The surface elevation difference between two successive maps is
multiplied by a representative density (usually ice density is taken) to obtain the total
mass change. Differences between this geodetic mass balance and the cumulative
annual SSMB measurements over the same period can be large, for example due to
assumptions made in the extrapolation of stake measurements or the density used to
calculate the geodetic mass balance [26].

In SSMB modelling, the available glacier maps can be used to account for changes
in the glacier geometry. When such maps are not available, for example when mod-
elling into the future, the SSMB model can be coupled to a dynamical ice model.
A major advantage of such a coupled model is that changes in SSMB and glacier
geometry are consistent. A drawback could be that the glacier geometry becomes
unrealistic when the ice dynamics are not well represented. A simulation with a
coupled model for Hardangerjgkulen in southern Norway illustrates the geometry
response to changes in surface mass balance in a warming climate (Fig. 7.11). While
the SSMB becomes more negative at all altitudes, the ice cap surface elevation lowers
and the ice disappears from the highest ridges in the topography. As a result, there
is no accumulation area left and the ice cap is bound to disappear completely.

7.4.4 Remote Sensing

In recent years, traditional stake measurements on GIC are being supplemented by
remote sensing techniques like satellite/airborne altimetry and gravimetry (Sect. 7.3).
Satellites are well suited to monitor large glaciers and ice caps in remote locations,
nicely complementing the traditional measurement programs. Altimetry studies have
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Fig. 7.11 Modelled a SMB profile and b area distribution for Hardangerjgkulen in 2010, 2040,
2070 and 2100, for a future climate projection with a temperature increase of 3 °C and precipitation
increase of 10% between 1961-1990 and 2071-2000. The mass balance profile for the control
climate (1961-1990) and the area distribution at the beginning of the simulation (2005) are also
shown. Figure from [25]

revealed large mass losses on glaciers and ice caps in the Arctic regions [27,28] and
Patagonia [29]. Attempts to derive mass changes in glaciated regions from GRACE
have also been made [30], but the resulting estimates have large uncertainties intro-
duced by the required GRACE corrections for other processes such as hydrology
and seasonal snow.

7.5 Antarctic Ice Sheet

In the following sections we discuss the spatial and temporal variability of the mass
balance of the Antarctic Ice Sheet (AIS). Here we may rely on insights from the mass
budget method, which, as explained in Sect. 7.3, resolves the separate contributions
made by the surface mass balance (SMB) and solid ice discharge (D).

7.5.1 Spatial SSMB Variability

Figure 7.12 shows on the left a map of SSMB based on output of the Regional Atmo-
spheric Climate Model (RACMO?2) for Antarctica at 27 km horizontal resolution [4].
This field represents the average for a 21-year period (1989-2009), obtained by forc-
ing RACMO? at the boundaries by data of the European Centre for Medium-range
Weather Forecasts (ECMWF) interim re-analysis (ERA-Interim). The map corre-
lates well with in situ SSMB observations from firn cores, stakes and snow pits (r =
0.87 for the AIS) and is therefore deemed reliable for a quantitative discussion.
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Fig.7.12 Specific surface mass balance maps (kg m~2 y~!) for the Antarctic Ice Sheet (left, [4])
and the Greenland Ice Sheet (right, [13]), based on a regional atmospheric climate model

As described in the preceding chapter, the large-scale flow around Antarctica is
westerly north of the circumpolar pressure trough and easterly south of it. The only
part of Antarctica that is exposed to the westerly circulation at lower latitudes is the
Antarctic Peninsula (AP), which acts as a topographic barrier to the flow (similar
to the Andes further north). Figure 7.12 shows that the orographic lifting of the
relatively mild and humid air masses results in extreme precipitation rates in the
western Antarctic Peninsula (> 4500 kg m~2 y~!). For a typical near-surface snow
density of 350 kg m™3, this represents an annual snow layer depth of > 10 m; field
parties operating at the spine of the Antarctic Peninsula confirm accumulation rates
as high as one metre of snow per month. Further south, the circumpolar pressure
trough includes three well-defined climatological low pressure areas that introduce
a three-wave asymmetry in the zonal flow (see Sect. 6.4 and Fig. 6.6), regionally
forcing persistent onshore atmospheric flow. This again results in orographic lifting
and high precipitation rates in these areas, especially in coastal West Antarctica
(> 1000 kg m~2 y~1).

As aresult of descending air motion, relatively dry areas are found at the lee side
of topographic barriers, e. g., the eastern side of the Antarctic Peninsula receives less
than 300 kg m~2 y~!, an order of magnitude less than regions just 200 km to the
west. Another example is Law Dome in coastal Wilkes Land, East Antarctica, which
receives > 1500 kg m~2 y~! at the eastern (upstream) side, and < 200 kg m—2 y~!
at the western (downstream) side. Evidence of pronounced orographic effects on
the precipitation distribution can be found everywhere along the Antarctic coast, as
previously discussed and shown in Fig. 7.3. Moist air seldom reaches the interior of
the East Antarctic Ice Sheet; this region receives < 50 kg m~2 y~! of snow and may
justifiably be called a polar desert.


http://dx.doi.org/10.1007/978-3-030-42584-5_6
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7.5.2 Bluelce Areas

The Antarctic climate is too cold to allow for significant meltwater runoff; nearly all
meltwater that is formed at the surface refreezes in the cold firn mantle. Only around
1% of the surface of the AIS represents ablation area; in these areas, the removal of
mass is not driven by melting but by surface and drifting snow sublimation. When
these processes persistently exceed snowfall, ¥ < 0 and the 50—120 m thick firn layer
may be completely removed, after which blueish glacier ice is exposed at the surface.
This is why these areas are often referred to as blue ice areas (BIAs). The formation
of BIAs requires two conditions to be met: (1) ¥ < 0, i.e., the combined effect of
drifting snow erosion and (drifting snow) sublimation should exceed snowfall; and
(2) the firn layer must be exposed to the negative SSMB for a sufficiently long period
that the entire firn layer can be removed. Since low ice velocity favours such long
exposure, BIAs are often found in regions where nunataks (mountains that protrude
through the ice and slow down the ice flow) are abundant, e. g., the Queen Fabiola
Mountains in Dronning Maud Land and Allan Hills in Victoria Land.

We can define a minimum trajectory length L, of ice flow through a region of
negative SSMB, which is necessary to form blue ice:

Msim Vi
Lyin = ﬁ, (75)

where m gy 1S the mass of the firn layer (kg m~—2) upstream of the ablation area, which
can be calculated using a firn model (e. g., [8]), Vice is the average surface ice veloc-
ity my~!)and © (kg m~2 y~!) is the average value of SSMB along the trajectory.
In areas of fast ice flow, Eq. (7.5) implies that BIAs can develop only if ¥ < 0 is
highly negative, i.e., (snowdrift) sublimation and erosion are well developed. Byrd
Glacier, which flows through the Transantarctic Mountains at relatively high velocity
(Fig. 7.13) has blue ice over large parts of its surface. Recent advances in regional
SSMB modelling over the AIS at high (= 5 km) horizontal resolution (Fig. 7.13a) pre-
dicts an extensive area in which ¥ < 0 over the Byrd Glacier trunk [31]. Figure 7.13b
shows that snowfall increases following the centre flowline towards sea level, but
that ablating processes associated with drifting snow make SSMB negative over a
~ 100 km stretch. If we substitute typical values for m g, (20,000 kg m~2), Vice (800
my~!)and ¥ (=200 kg m~2 y~!) in Eq. (7.5), we find Ly, = 80 km, which is
smaller than the observed length of the ablation trajectory, indicating that the con-
ditions for BIA development are met. Once formed, BIAs tend to persist, owing to
their dark and smooth surface, which enhances summer sublimation and prevents
fresh snow from attaching.



178 M.van den Broeke and R. Giesen

SMB (mm w.e.)

SMEB components (mm w.e.)

147 150 153 156 159 182
P1 Longitude (°E) P2

Fig.7.13 a Specific surface mass balance map for the region of Byrd Glacier, based on a regional
atmospheric climate model [31]; b SSMB components along flowline P1-P2; ¢ MODIS image of
Byrd Glacier

7.5.3 Temporal SSMB Variability

Improved estimates of SMB from regional climate modelling and D from remote
sensing enable us to apply the mass budget method to the AIS for individual years
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Fig. 7.14 Time series of surface mass balance (SMB, blue), solid ice discharge (D, green) and
resulting ice sheet mass balance (B, red) for a the Antarctic Ice Sheet (AIS) and b the Greenland
Ice Sheet (GrIS) in Gt y*l [32]

in the period 1990-present. Before 1980, meteorological reanalysis products are
unreliable in the Southern Hemisphere, while discharge observations are available
since about 1990 [9]. Figure 7.14a shows the resulting time series of SMB (S), D
and MB (B) for the grounded part of the Antarctic Ice Sheet. SMB does not show a
significant trend. A notable feature in Fig. 7.14a is the large interannual variability
in SMB, with year-to-year changes as large as 300 Gt y~! (which is equivalent to a
global sea level change rate of 0.8 mm y~!). The standard deviation of & 120 Gt y~!
represents just 6% of the 1989-2009 average SMB over the grounded part of the ice
sheet (22100 Gt y~!); this demonstrates that, even though the relative interannual
variability of SMB is small, the variability in terms of absolute mass balance is very
significant for the AIS, and it obscures trends in the total mass balance.

The increase in solid ice discharge D from the AIS is mainly caused by the
acceleration of glaciers in coastal West Antarctica, which continues today, and by the
acceleration of glaciers in the Antarctic Peninsula, mainly prior to 2005. Figure 7.15
shows that, compared to 1992, discharge from the AIS has increased by ~ 170 Gt
y~! or 8% in 2009; as a result, MB has been persistently negative since 1994, except
for three years with high snowfall (1998, 2001, 2005). Consequently, the AIS has
contributed about 4 & 2 mm to sea level rise between 1990 and 2010, which is about
7% of the total for that period [33].

7.6 Greenland Ice Sheet

In these final sections, we discuss the spatial and temporal variability of the mass
balance of the Greenland Ice Sheet (GrIS). Its main difference when compared with
the Antarctic Ice Sheet is the existence of a significant ablation area (X < 0), where
meltwater runoff exceeds accumulation by precipitation. Although the GrIS is 8.5
times smaller than the AIS in volume, recent mass losses of the GrIS have exceeded
that of the AIS.
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Fig.7.15 Cumulative contribution to global sea level rise (SLR) from the Antarctic Ice Sheet (AIS,
blue line) and the Greenland Ice Sheet (GrIS, green line) and their sum (red), in mm sea level
equivalent. Dashed lines indicate uncertainty margins [32]

7.6.1 Spatial SSMB Variability

Figure 7.12 shows on the right a map of SSMB for the GrIS based on output of the
Regional Atmospheric Climate Model (RACMO?2) for Greenland at 11 km resolution
[13]. The result correlates well with in situ SSMB observations from firn cores, stakes
and snow pits (r = 0.95 for the GrIS). The most notable feature in Fig. 7.12 is the
asymmetry: zones with high accumulation are found in the northwest and especially
in the southeast of the ice sheet, where values in excess of 4000 kg m~2 y~! (>10
m of snow) are predicted. These high snowfall rates are caused by the occasional
northward migration of low-pressure areas through Davis Strait (west of the ice sheet)
and the presence of the Icelandic Low, a semi-permanent low pressure system east of
the southern tip of Greenland, respectively. These systems force relatively warm and
moist air masses onto the steep ice sheet, creating orographic precipitation maxima
similar to those found in Antarctica. Because of difficult access and the harsh climate
conditions, there is a lack of direct SSMB observations from these regions so that
large uncertainties remain. The high accumulation creates a steep ice sheet margin,
preventing the formation of a wide ablation zone.

In contrast, the southwest and northeast of Greenland receive less than 200 kg
m~2 y~! of snowfall, the driest parts of the ice sheet in the northeast even less than
100 kg m—2 y_1 . In these regions, cloud cover is on average low, summer snowfalls
are rare and solar irradiation high. As a result, the winter snow layer quickly melts
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away in spring, exposing the dark glacier ice early in the melting season, followed
by pronounced summertime melt and runoff. As a result, these parts of the GrIS
have well-defined and relatively wide marginal ablation zones (purple colours in
Fig. 7.12, ¥ < 0). In the southwest, the ablation zone is 100-150 km wide and the
lowest parts of the ice sheet experience annual ablation rates of up to 3500 kg m—2
y~!. A notable feature in some of these marginal regions is the apparent absence of
winter accumulation, and this is ascribed to the collection of snow in crevasses (see
description in Fig. 7.1).

7.6.2 Temporal SSMB Variability

For the GrIS, reliable SMB time series can be reconstructed as far back as 1958,
owing to better observational coverage in the northern hemisphere and hence more
reliable atmospheric re-analysis products to drive regional climate models over the ice
sheet. However, reliable estimates of D are only available since the early 1990s. Both
SMB and D time series are displayed in Fig. 7.14b for the period 1989-2009; this
compilation assumes constant discharge before 1992 and uses a linear interpolation
to estimate D between those years with observations.

Unlike in Antarctica, where runoff is negligible, runoff variability strongly
impacts interannual SMB variability on the GrIS. Years of low accumulation tend
to cause higher summer ablation due to the lower albedo of bare ice, and therefore
year-to-year variations in SMB can be as large as 400 Gt y~!. The average standard
deviation is 100 Gt y~!, 24% of the average SMB (417 Gt y~!), which is four times
larger than the relative variability for the AIS.

Another contrast to the AIS is that the SMB shows a significant negative trend
since about 2000, following atmospheric warming and increased runoff since the
early 1990s. In combination with an increase in D since about 1996, which is the
result of glacier acceleration in southeast, west and northwest Greenland [34], this
has resulted in a persistently negative MB since 1999. Note that the large interannual
variability in the beginning of the time series is not sustained during the recent period
of strong melt. Between 1990 and 2009, the GrIS has contributed 6 + 1 mm to post-
1990 sea level rise, approximately 10% of the total sea level rise over this period
(Fig. 7.15).

7.6.3 Role of the Liquid Water Balance

As noted above, runoff [M in Eq. (7.3)] is an important component of the SMB of
the GrIS and recent trends therein. Figure 7.16 shows cumulative anomalies (relative
to the reference period 1961-1990, when the ice sheet mass balance was approx-
imately zero) of the major components of the liquid water balance (LWB): melt
(green line), runoff (orange line) and rainfall (light blue line). The increase in melt
clearly dominates changes in the LWB and hence the SMB, with an estimated 3000
Gt anomaly having developed in the two decades after 1990 owing to above-normal
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Fig. 7.16 Cumulative mass anomalies of GrIS mass balance (MB), surface mass balance (SMB)
and liquid water balance components [35]. GRACE time series (data courtesy of I. Velicogna and
J. Wahr) do not denote absolute values and have been vertically displaced for clarity

meltwater production. Increased rainfall added another 250 Gt to the liquid water
mass anomaly. Only 2300 Gt (~ 70%) of this liquid water anomaly actually reached
the ocean as runoff, the remainder is retained in the snowpack, mostly by refreezing
and for a small part by capillary retention. Mass losses from the GrIS are further
moderated by slightly enhanced snowfall (dark blue line), which added 500 Gt of
mass. The total 1990-2010 surface mass balance (red line) anomaly is then ~ 1700
Gt, which, when added to the estimated mass loss through enhanced solid ice dis-
charge (D, black line) results in a total negative mass anomaly of about 2800 Gt (dark
grey line). The trend and seasonal cycle of the reconstructed mass loss compare very
well with gravity measurements from space (GRACE, black line).
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