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Abstract Surface mass balance (SMB) provides mass input to the surface of the Antarctic and
Greenland Ice Sheets and therefore comprises an important control on ice sheet mass balance and
resulting contribution to global sea level change. As ice sheet SMB varies highly across multiple scales of
space (meters to hundreds of kilometers) and time (hourly to decadal), it is notoriously challenging to
observe and represent in models. In addition, SMB consists of multiple components, all of which depend
on complex interactions between the atmosphere and the snow/ice surface, large�scale atmospheric
circulation and ocean conditions, and ice sheet topography. In this review, we present the state�of�the�art
knowledge and recent advances in ice sheet SMB observations and models, highlight current
shortcomings, and propose future directions. Novel observational methods allow mapping SMB across
larger areas, longer time periods, and/or at very high (subdaily) temporal frequency. As a recent
observational breakthrough, cosmic ray counters provide direct estimates of SMB, circumventing the need
for accurate snow density observations upon which many other techniques rely. Regional atmospheric
climate models have drastically improved their simulation of ice sheet SMB in the last decade, thanks to
the inclusion or improved representation of essential processes (e.g., clouds, blowing snow, and snow
albedo), and by enhancing horizontal resolution (5…30 km). Future modeling efforts are required in
improving Earth system models to match regional atmospheric climate model performance in simulating
ice sheet SMB, and in reinforcing the efforts in developing statistical and dynamic downscaling to
represent smaller�scale SMB processes.

Plain Language Summary Ice sheets, the largest class of glaciers, contain the majority of ice on
Earth. The amount of ice contained in ice sheets changes constantly with the addition of new snow and ice,
and melting taking place at the surface, base, and terminus of ice sheets. The balance between these
inputs and outputs is known as the•mass balance.ŽProcesses affecting the addition and removal of snow
on top of the ice sheet are termed the•surface mass balanceŽand include rainfall, moisture evaporation,
snow�transporting winds, and melting due to temperature changes. Scientists can now monitor these
processes with tools on�site, such as automated weather stations, Global Positioning Systems, and sensors
that record high�energy radiation (cosmic rays) originating outside the Earth's atmosphere. Several methods
are also available where Earth�orbiting satellites measure how ice is changing. Data collected in these ways
have revealed how the surface mass balance varies over time and space. A better understanding of these
processes is critical to predicting future behavior of ice sheets and their effect on sea level. Improvements to
regional�scale models in the past decade have allowed good simulations of surface mass balance, and the
next step is to build models that work at a global scale.

1. Introduction

Earth's ice sheets„ the Greenland Ice Sheet (GrIS) in the Arctic and the Antarctic Ice Sheet (AIS) roughly
centered around the South Pole„ collectively contain more than two thirds of the planet's freshwater
(Church et al., 2013). If melted completely, global mean sea level would be about 65 m higher than today
(Alley et al., 2005). Observations show that both ice sheets are currently losing mass at accelerating rates
(E. Rignot et al., 2011; Shepherd et al., 2012, 2018), in spite of large natural interannual variability. Even
in a scenario of strong climate change mitigation, in which global mean temperature rise is limited to less
than 2 °C relative to preindustrial values, ice sheets will continue to lose mass but are not likely to pass tip-
ping points, in which case mass loss would become irreversible (Pattyn et al., 2018). In high�emission scenar-
ios, however, projected mass loss from the ice sheets becomes highly uncertain, especially for the AIS; some
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models predict AIS mass losses in excess of one meter of global sea level equivalent at the end of the 21st
century, with multiple meters of potential additional sea level rise in the centuries thereafter (DeConto &
Pollard, 2016).

1.1. Ice Sheet Mass Balance and Surface Mass Balance

Ice sheet mass loss/gain is commonly expressed as a negative/positive ice sheet mass balance (MB; Cogley
et al., 2011). Ice sheet MB is determined by two main classes of processes: (1) surface mass� uxes (referred
to as the surface mass balance, SMB) and (2) the� ux of ice across the grounding line (referred to as ice dis-
charge, D). The MB of the grounded ice sheet is de� ned as MB = SMB� D, which implies that both SMB and
D have units of mass change with time (usually expressed in Gt per year, where 1 Gt = 1012 kg is equivalent
to the mass of 1 km3 of water). SMB generally is a positive term (as D is positive) but may also be negative, in
which case MB becomes negative, a situation that is sometimes referred to as a tipping point for ice sheet
mass loss (Robinson et al., 2012). Once it has crossed the grounding line, ice becomes a� oat and forms ice
shelves, which are prevalent on the AIS but rare on the GrIS. The MB of these ice shelves comprises of
the difference of D + SMB (the incoming mass� uxes), and the two outgoing mass� uxes, (1) melting of
the ice shelf base that is in contact with the ocean (basal melting), and (2) iceberg calving at the ice shelf front
(Depoorter et al., 2013).

SMB components and relevant processes are visualized in Figure 1. During precipitation and condensation
(dew formation) and deposition (riming), mass accumulates at the surface. Mass is lost when meltwater is
not retained in the� rn by refreezing and/or capillary forces and leaves the ice sheet as runoff; snow can also
be redistributed by the wind (erosion/deposition) and/or sublimate, either from the surface or from drifting
snow particles. Once accumulated, snow slowly changes into ice via the intermediate product� rn, repre-
senting a layer of old (i.e., multiyear), compressed snow. The� rn layer can be anything between 0 and
130 m thick, depending on the local climate (Ligtenberg et al., 2011). Because the� rn layer plays such an
important role in the ice sheet MB, in this paper we consider� rn processes (meltwater percolation, reten-
tion, and refreezing) to be part of the SMB, although formally this use is referred to as•climatic mass
balanceŽ (Cogley et al., 2011). Mass is also lost by the movement of glacier ice from the interior ice sheet
to the margins, driven by basal sliding and internal deformation, followed by solid ice discharge (D) when
the ice crosses the grounding line and starts to� oat on the ocean.

The GrIS and AIS are remarkably different in many of their global characteristics (Figure 1). The AIS (12.9
million km 2) is about 7.5 times larger in area than the GrIS (1.7 million km2), contains about eight times
more ice (58.2 vs. 7.3 m sea level equivalent; Church et al., 2013), and is characterized by a generally colder,
windier, and drier surface climate. An exception to that is the Antarctic Peninsula, which operates in similar
ways to the GrIS, with narrow outlet glaciers draining into fjords (Figure 1) and which experiences a much
warmer and overall wetter climate than the remainder of the AIS. Moreover, although both ice sheets are
currently losing mass (i.e., their MB is negative), they do so at different rates via different mechanisms.
While currently increasing AIS mass loss is solely attributed to an increase in D owing to glacier acceleration
in spatially limited regions (Mouginot et al., 2014; Rignot et al., 2011; Rignot et al., 2019; Shepherd et al.,
2018), GrIS mass loss is dominated by a decrease in SMB that has occurred essentially along its entire margin
since the early 1990s (van den Broeke et al., 2016). Temporal SMB trends and their impact on ice sheet MB
are discussed in sections 4 and 5.

To understand fully the physical processes that determine ice sheet MB, four different balances must be
explicitly solved, one of which is SMB (Figure 2). Ice sheet SMB comprises the sum of multiple compo-
nents; it is intimately linked to the liquid water balance, which describes sources and sinks of liquid
water at the surface (melt, rain, and condensation) and in the� rn layer (i.e., percolation/refreezing/
retention of liquid water) as well as the surface energy balance (SEB), which determines the energy avail-
able for melt, evaporation/condensation, or sublimation/deposition. These processes will be discussed in
section 1.2.

Thus far, we have de� ned SMB as an ice sheet�integrated quantity. To evaluate changes at the process scale,
we also study values of• localŽSMB, expressed in millimeter water equivalent (w.e.) year�1 or kg m�2 year�1

(referred to as•speci� c SMB,Žor •SSMBŽ). Following this de� nition, the ice sheet accumulation/ablation
zones (Figure 1; see Glossary) comprise all locations where SSMB > 0/SSMB < 0, respectively.
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1.2. Components of Surface Mass Balance
1.2.1. Precipitation
The dominant source of mass for ice sheets is precipitation, the transfer of ice particles (snow) or water dro-
plets (rain) from the atmosphere to the ice sheet surface. Atmospheric ice and water can coexist in atmo-
spheric clouds, depending on the thermodynamic characteristics of the atmosphere. Cloud droplets form
by condensation onto atmospheric aerosols that act as cloud condensation nuclei. Over ice sheets, cloud
condensation nuclei predominantly originate from in�cloud ice particles, sea salt, and„ to a lesser degree
„ biogenic nuclei, sulphates, dust, and black carbon from long�range pollution sources or wild� res
(Bromwich et al., 2012; Lathem et al., 2013). Clouds over ice sheets typically contain only ice particles (when
temperatures less than�40°C) or are mixed�phase clouds (Bromwich et al., 2012; Shupe et al., 2013), which
contain both (supercooled) liquid water droplets and ice. In mixed�phase clouds, ice precipitation particles
(snow� akes) predominantly grow through deposition of water molecules onto them, at the expense of super-
cooled liquid water droplets that evaporate (the Wegener�Bergeron�Findeisen, or simply Bergeron process).

Figure 1. Illustration of all relevant surface mass balance processes on the Greenland (left) and Antarctic (right) ice sheets. Some processes are only indicated on
the left or right, depending on where they are most important. The inset below shows a size comparison of the ice sheets, with the Antarctic ice sheet in white and
the Greenland ice sheet in grey (Credit: Marlo Garnsworthy, Wordy Bird Studio).

Figure 2. The four equations governing ice sheet MB and components. The colored vertical arrows show how the
equations are linked. The SEB components are (all de� ned at the surface, and positive means that the� ux is directed
toward the surface): net shortwave radiation (SWnet), net longwave radiation (LWnet), sensible heat� ux (SHF), latent
heat � ux (LHF), and ground/soil heat� ux (Gs).
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Besides this process, ice crystals can change by fragmentation (large ice particles break into smaller ones),
accretion (supercooled liquid freezing onto an existing ice crystal), and aggregation (snow� akes merging).
As the temperature in the atmosphere over ice sheets is usually below the freezing point, precipitation
generally falls as snow. If temperatures in a suf� ciently deep atmospheric layer exceed the melting point,
however, snow� akes melt as they fall, and precipitation falls on the surface as rain. While other,
convective�weather precipitation types (hail, graupel, etc.) are considered rare over ice sheets (Serreze &
Hurst, 2000), the cold and dry GrIS and AIS interior areas frequently experience•clear�sky precipitationŽ
(Bromwich, 1988). This type of precipitation falls from surface�based clouds of ice crystals, often referred
to as •diamond dust,Ž and typically occurs during cold and quiet conditions (Ricaud et al., 2017; Sato
et al., 1981). Being frequently observed in the interiors of the AIS and GrIS, especially in winter (von
Walden et al., 2003), locally diamond dust can contribute signi� cantly (30…80%) to the total annual accumu-
lation (Radok & Lile, 1977; Ricaud et al., 2017).
1.2.2. Surface Melt, Refreezing, Retention and Runoff
Melting (i.e., the phase change from solid to liquid state) of the surface snow and ice occurs when the surface
temperature reaches the melting point (0°C), while excess energy is available. Snow and ice can also melt at
some small (<10 cm) depth below the surface (subsurface melt), caused by penetration of solar radiation
(Brandt & Warren, 1993). The amount of energy available for melt is determined by the SEB, the sum of
radiative, turbulent, and conductive subsurface heat� uxes, ignoring heat from rain (Figure 2; see
Glossary). Meltwater generated at the surface can have� ve different pathways: (1) It collects at the surface
in the form of supraglacial meltwater lakes (Koenig et al., 2015; Moussavi et al., 2016); (2) it runs off supra-
glacially (Bell et al., 2017; Smith et al., 2015); (3) it percolates into the snowpack or runs off englacially
through vertical pathways in the ice (moulins) or is diverted laterally when it encounters an impermeable
layer, such as ice or bedrock (Chandler et al., 2013); (4) it percolates into the snowpack and is stored in liquid
form in weathered ice crusts (Cooper et al., 2018),� rn aquifers (Forster et al., 2014), or subsurface lakes
(Lenaerts et al., 2016); and (5) it percolates into the snowpack, refreezes, and is stored in the� rn as ice
(Harper et al., 2012). The pathway of surface meltwater thus strongly depends on surface and� rn character-
istics (section 1.3); in turn, meltwater pathways affect surface snow and� rn characteristics (de la Peña et al.,
2015; Machguth et al., 2016; Nienow et al., 2017).
1.2.3. Evaporation and Sublimation
Evaporation (i.e., the phase change from liquid to vapor state) can occur when liquid water is exposed at the
ice sheet surface, that is, after melt, condensation, or rainfall. Over snow surfaces, liquid water will quickly
penetrate the snowpack, preventing signi� cant evaporation from occurring. However, standing water can be
found on impermeable ice, mostly in the form of water collecting in topographic depressions of the ice sheet
surface in the GrIS ablation zone (McMillan et al., 2007; Sundal et al., 2009), and on or near some Antarctic
ice shelves (Kingslake et al., 2017; Langley et al., 2016; Lenaerts, Lhermitte, et al., 2017). Sublimation, the
direct phase change between solid and vapor state, occurs more commonly on ice sheets (Bintanja, 1998;
Box & Steffen, 2001; Lenaerts & van den Broeke, 2012; van den Broeke, 1997; van Lipzig et al., 2004).
Sublimation represents a turbulent moisture� ux and exists in two dominant forms. First, surface sublima-
tion (SUs) depends on the magnitude of the surface�to�air humidity gradient and the wind speed, which
represents the wind shear required to generate turbulence (vertical mixing) in the stably strati� ed surface
layer. Sublimation peaks when the sun heats the surface (i.e., typically in the summer season), the near�
surface air is dry, and wind speed is signi� cant but not so high as to induce drifting snow (King et al.,
2001). Second, sublimation is favored when snow particles become entrained in the near�surface atmosphere
(Liston & Sturm, 2002; Schmidt, 1982), referred to as drifting snow/blowing snow sublimation (SUds).
Because the drifting particles are better ventilated than those at the surface, this type of sublimation is more
ef� cient than surface sublimation (Bintanja, 2000, 2001; Déry et al., 1998). Drifting and blowing snow occurs
in high�wind conditions, which prevail in katabatic wind zones over much of the AIS (Lenaerts & van den
Broeke, 2012; Palm et al., 2011) and large parts of the GrIS, particularly in winter (Lenaerts, van den Broeke,
van Angelen, et al., 2012; Lenaerts, van den Broeke, van de Berg, et al., 2012; Lenaerts, van den Broeke, Déry,
et al., 2012; Lenaerts, van den Broeke, Scarchilli, et al., 2012).
1.2.4. Snow Erosion
During drifting and blowing snow conditions, suspended snow particles are (partly) sublimated and/or
deposited elsewhere (Essery et al., 1999; Palm et al., 2011). Depending on the surface characteristics and
near�surface wind� eld, this leads to snow redistribution (Lenaerts, van den Broeke, Déry, et al., 2012). In
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locations where the near�surface air� ow diverges and/or accelerates, snow will be eroded and„ if not sub-
limated while entrained in the atmosphere„ redeposited in areas where the� ow convergences and/or
decelerates. This implies net snow erosion (ERds positive, surface mass loss) in the former and net snow
deposition (ERds negative, surface mass gain) in the latter regions (Das et al., 2013; Frezzotti et al., 2007;
Scambos et al., 2012).

1.3. Factors Driving SMB and SMB Components
1.3.1. Large�Scale Atmospheric Circulation „ Greenland
GrIS SMB is strongly controlled by synoptic (100� to 1,000�km scale) and large�scale (>1,000 km) atmo-
spheric dynamics. The transport of air masses with varying temperature and moisture content toward the
GrIS affects all SMB components. Precipitation on the GrIS is mostly generated by advection of relatively
mild, moist air by low�pressure systems branching off the North Atlantic storm track, an elongated band
of high cyclonic activity running southwest�northeast across the North Atlantic Ocean basin, from the east
coast of North America to Iceland and Scandinavia. When mild and moist air encounters the ice sheet, it is
forced to rise, expand, and cool, leading to orographically induced precipitation. As a result, the depth and
position of low�pressure systems determine the spatial and temporal distribution of precipitation on the GrIS
(Berdahl et al., 2018). In winter, when atmospheric baroclinicity resulting from horizontal temperature
gradients peaks, cyclonic activity is focused around Iceland (generating the climatological• Iceland LowŽ),
and weather systems regularly reach the south and southeastern coasts of Greenland. In this area and
season, cyclonic activity can be enhanced by the presence of the ice sheet, generating so�called• lee cyclogen-
esisŽ(Schuenemann et al., 2009). In summer, the storm track is less well developed, less symmetrical, and
narrower (Chen et al., 1997; Ohmura & Reeh, 1991). In this season, the atmospheric� ow is more frequently
blocked by the GrIS and can become more north�south oriented. Synoptic weather systems more frequently
approach from the west or south and travel into Baf� n Bay, where they become stagnant, bringing precipita-
tion to the GrIS west coast for prolonged periods (Schuenemann et al., 2009). This seasonality in storm track
behavior and resulting precipitation patterns explains the remarkable variation in seasonality between west
Greenland, where precipitation peaks in summer, and south(�east) Greenland, where precipitation peaks in
winter (Berdahl et al., 2018).

The North Atlantic Oscillation (NAO; Hurrell et al., 2013) index is usually de� ned as the normalized sea
level pressure difference between the Azores and Iceland. With generally low pressure around Iceland and
high pressure around the Azores, the NAO index is usually positive, indicative of a well�developed and
zonally directed North Atlantic large�scale atmospheric circulation. However, the NAO can become zero
or negative when the pressure gradient is small or reversed, implying a weak and/or wavy jet stream and
blocking conditions. Generally, such a small or negative NAO index is associated with dry conditions over
the northern and western GrIS and wet conditions over the southern portion of the GrIS (Appenzeller
et al., 1998; Bromwich et al., 1999; Lewis et al., 2017). As these two signals tend to compensate each other,
the total GrIS precipitation does not correlate signi� cantly with NAO (Hanna et al., 2011). More impor-
tantly, a weak NAO is associated with anomalously warm conditions and upper�air ridging over
Greenland in summer (Figure 3), which can be quanti� ed by the Greenland Blocking Index (Hanna et al.,
2016). A weak NAO and high Greenland Blocking Index in summer, such as predominantly observed
between 2003 and 2012 (Fettweis et al., 2013; Hanna et al., 2018) in turn leads to anomalously high
surface melt on the western GrIS, with 2012 as a peak anomaly. The summer NAO index has returned
to positive values, and Greenland SMB has increased to average 1961…1990 values in recent years (2017
and 2018; see www.polarportal.org). Other climate indices that are commonly used to characterize atmo-
spheric circulation variability in the middle to high northern latitudes include the Arctic Oscillation,
which is similar to NAO in that it expresses the zonality of the midlatitude jet stream over the North
Atlantic, and the Atlantic Multidecadal Oscillation, both of which can explain some degree of variability
of GrIS SMB (Hanna et al., 2011; Lewis et al., 2017). Regarding links to tropical climate variability, it has
been suggested that the recent weak NAO (and consequent high GrIS summer melt) is caused by anom-
alous Rossby wave activity originating in the tropical Paci� c (Ding et al., 2014). However, on longer time
scales, there is little evidence of signi� cant correlations between GrIS SMB and various tropical climate
variability indices (Hanna et al., 2006), such as the El Niño Southern Oscillation (ENSO) or the Paci� c
Decadal Oscillation.
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