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Thirty-four experts took part in a survey of the most important and challenging topics in

the field of meltwater retention in snow and firn, to reveal those topics that present the

largest potential for scientific advancement. The most important and challenging topic

to the expert panel is spatial heterogeneity of percolation, both in measurement and

model studies. Studying percolation blocking by ice layering, particularly in modeling,

also provides large potential for science advancement, as well as hydraulic conductivity

and capillary forces in snow/firn. Model studies can benefit from improved initialization,

and improved calculation of accumulation and liquid water at the surface. Firn coring

should be performedmore often, though we argue that also data that are relatively simple

to collect, but of great importance to retention such as surface accumulation, density

and temperature, are too sparse due to the high logistical expenses involved in field

campaigns. Generally speaking, retention changes are expected to be of importance to

the climatic (surface) mass balance and thus ice loss in coming decades, more so for

Greenland than Antarctica or ice masses elsewhere.
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INTRODUCTION

The mass balances of ice sheets, ice caps, and glaciers worldwide include one large mass input,
namely snow accumulation. Yet depending on the location, several large mass loss components
exist such as ice-dynamic mass transfer to the oceans, basal melting, surface meltwater runoff,
and sublimation. Globally, the loss components are found to out-compete the gains in the current
climate, which is largely attributed to increased melting at the air-ice and ocean-ice interfaces, also
impacting ice dynamic discharge (IPCC, 2013).

Surface runoff occurs when melting, rainfall, and condensation exceed evaporation and
retention in snow, firn, porous ice, and supraglacial lakes (Cuffey and Paterson, 2010). Our ability
to determine surface runoff thus depends on our ability to determine several entirely independent
processes, each with their own complexities. Out of these processes, retention of water in snow,
firn or ice may not be the largest contributor averaged over an entire glacier, ice cap or ice sheet,
yet regionally (in the percolation area) it can be large enough to accommodate all liquid water that
percolates into the surface layer (e.g., Benson, 1962). At lower elevations, the snow and firn (or
even porous ice) periodically gets overwhelmed by liquid water in the runoff area. Challenges in
determining runoff are largest due to the uncertainties in quantifying retention in snow and firn, as
this is the only component that takes place at depth (in the order of meters), thus out of sight and
reach of basic, direct observational methods (Harper et al., 2012). Indirect methods have existed for
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decades, such as determining changes in density/stratigraphy
from repeat snow pits (e.g., Techel and Pielmeier, 2011) or
firn cores (e.g., Vallelonga et al., 2014), continuous subsurface
temperature measurements for capturing the release of latent
heat from refreezing (Humphrey et al., 2012; Charalampidis et al.,
2016), or radar systems capable of identifying strong reflectors
in porous snow or firn as ice layers (e.g., Koenig et al., 2016).
Such methods are excellent for determining the location and
quantity of the retained mass, but do not allow us to track and
comprehend all physical processes involved in percolation and
refreezing. This then limits our ability to model these processes
with accuracy.

Whereas part of the difficulty in studying retention stems
from not being able to track water movement through snow/firn
with detail without altering the medium itself by digging
pits or drilling cores, another aspect is the memory of the
system. Namely, when meltwater refreezes it will impact future
percolation due to changes in snow/firn density and temperature
(Bezeau et al., 2013). This continues until the layer and the
changes it caused in the snow/firn, migrated downward far
enough to escape the direct influence of surface processes, i.e.,
the maximum percolation depth (Harper et al., 2012). Depending
on the net accumulation rate (Mosley-Thompson et al., 2001),
this can take many years. So if a model is forced by inaccurate
surface energy quantities, or initialized with inaccurate snow/firn
densities and temperatures, or struggles representing physical
processes such as gravitational densification (Arthern et al., 2010;
Morris and Wingham, 2014), thermal conduction (Sturm et al.,
1997), and movement of liquid water (Colbeck, 1974; Hirashima
et al., 2010), then not only the first retention event may be
calculated inaccurately, but in a cascade effect all retention events
may be affected. The impact on the climatic mass balance can
be substantial for instance when consecutive high melt seasons
occur, with ice layer formation shifting conditions in favor
of surface runoff as opposed to percolation (Machguth et al.,
2016).

In this paper, we aim to identify the most crucial topics in
meltwater retention in order to reveal the largest potential for
scientific advancement in this field. We apply expert elicitation,
which is common practice in investigations with high uncertainty
due to the lack of data, for instance in case of rare events or
future predictions. In glaciology the expert survey methodology
was applied e.g., in estimating future sea level contributions from
the ice sheets (Bamber and Aspinall, 2013). Our approach differs
in that we will not attempt quantification of meltwater retention
in snow and firn through expert elicitation.

METHODS

The questionnaire used to conduct the expert elicitation on
meltwater retention in snow and firn, consisted of 18 entries
listing snow/firn processes and properties (Table 1). On a scale
of 1–10, 10 being highest, the expert was asked to rate each
topic in terms of: (1) importance to meltwater retention, (2)
difficulty level in measuring with accuracy, and (3) difficulty
level in modeling with accuracy (providing ratings Rret1−3 for
each topic/question). Also, the expert was asked to rate “the

importance of the change in meltwater retention in snow and firn
in a warming climate on decadal time scales for mass loss from”
(1) Antarctica, (2) Greenland, and (3) other glaciated regions
(ratings Rreg1−3). In case of substantial doubt the expert was
asked not to provide an answer. In order to be able to assess
the expert levels of the sources, the questionnaire also asked
for the self-assessed (1) expert level on the topic of meltwater
retention in snow and firn, (2) experience level performing
firn measurements, (3) experience level modeling meltwater
retention in snow and firn (ratings Rexp1−3), and (4) the years
(Y) since (or until) obtaining a Ph.D. degree.

We invited those present at the “Workshop on observing
and modeling meltwater retention processes in snow and firn
on ice sheets and glaciers” hosted by the Geological Survey of
Denmark and Greenland (GEUS) on 1–3 June 2016, and other
known topical experts to take part in the survey. With the aim of
publishing the results indicated on the questionnaire, all subjects
gave their written consent by returning the document. The expert
panel of 34 excludes the first author of this study. On average,
the retention expert level is found to be 6.4 (Rexp1,av). Experience
levels are lower for modeling of retention (Rexp2,av = 5.6), and
particularly for measuring (Rexp3,av = 4.9), the latter of which is
likely related to the high cost associated with field expeditions.

We apply expert weighting to each answer by multiplication
with an individual expert factor, calculated as:

Fexp =

(

Rexp

Rexp,av
+

Y + 10

Yav + 10

)

/2 (1)

Note, that the self-assessed expert level and scientific seniority
weigh equally in calculating one’s expert level. Ratings Rret1 and
Rreg1−3 are weighted using expert level rating Rexp1, ratings Rret2

using Rexp2, and ratings Rret3 using Rexp3. Expert factors vary
between 0.29 and 2.18, a factor of 7.4 difference.

Likewise, we apply importance weighting by multiplication
with the importance factor of each snow/firn topic:

Fimp =
Rret1,EW

Rret1,EW,av
(2)

where Rret1,EW is the expert-weighted importance averaged over
all experts. Importance factors range between 0.67 and 1.26.

Using these methods, we obtain averages and expert-weighted
(EW) averages for every surveyed snow/firn topic, in terms of
their importance to meltwater retention, and their difficulty to
quantify by means of measuring and modeling (Table 1). We
also present expert- and importance-weighted (EIW) averages of
the difficulties in measuring and modeling. Note, that after the
weighting values can exceed the 1–10 range.

RESULTS

The 34 experts attributed average values between 4.4 and 8.5 with
an overall average of 6.7 to the importance of snow/firn topics
(Table 1). Expert weighting has little impact on the average (6.8),
nor on the ranking of the importance of processes/properties.
Surface accumulation (8.6) and the availability of liquid water at
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TABLE 1 | Expert judgment assessment of snow/firn processes and properties relevant to retention.

Topic Importance to

snow/firn processes

Difficulty level in measuring

with accuracy

Difficulty level in

modeling with accuracy

Av SD EW Av SD EW EIW Av SD EW EIW

Surface water (melt+rain) 8.42 1.4 8.42 5.6 2.4 5.5 6.7 5.8 2.1 5.7 7.0

Surface accumulation 8.51 1.3 8.61 4.6 1.8 4.7 5.9 5.8 1.7 5.8 7.34

Surface accumulation density 6.8 1.5 6.9 5.4 2.7 5.3 5.3 5.7 1.9 5.9 5.9

Surface temperature 7.2 1.9 7.2 3.0 1.9 3.3 3.5 4.5 1.6 4.5 4.7

Surface albedo (melt-albedo feedback) 7.35 1.6 7.35 4.0 2.0 4.3 4.6 5.9 1.3 5.9 6.3

Near-surface solar radiation penetration 5.4 2.1 5.6 7.2 1.7 7.4 6.1 6.3 2.0 6.6 5.4

Near-surface ventilation by wind 4.4 1.9 4.6 7.34 2.0 7.84 5.2 7.34 1.9 7.34 4.9

Grain size 6.4 1.5 6.5 5.1 1.9 5.2 5.0 6.7 2.0 6.8 6.5

Gravitational densification 6.2 1.6 6.3 5.6 1.9 5.8 5.3 4.6 1.7 4.7 4.3

Heat conduction 6.5 1.5 6.6 5.3 1.8 5.5 5.3 4.8 2.0 5.0 4.8

Capillary forces acting on liquid water 6.4 1.6 6.7 7.72 1.6 8.22 8.04 7.05 2.1 7.35 7.25

Hydraulic conductivity 6.8 1.6 7.1 7.43 1.5 8.13 8.52 7.33 1.6 7.73 8.03

Blocking of meltwater percolation by ice

layering

7.54 1.5 7.74 7.2 1.9 7.3 8.23 8.32 1.3 8.52 9.52

Spatial heterogeneity of meltwater

percolation

7.63 1.6 7.93 7.91 2.1 8.61 9.91 8.61 1.7 9.11 10.51

Deep firn processes / lower boundary

conditions

4.9 2.0 5.3 7.35 2.1 7.65 5.9 6.5 2.4 6.8 5.3

Spatial (vertical) resolution – – – 5.9 2.2 6.6 6.6 5.3 2.1 5.7 5.7

Time resolution (capability of resolving

relevant cycles)

– – – 6.4 2.2 6.7 6.75 5.2 1.9 5.7 5.7

Model initialization – – – – – – – 6.6 1.7 7.0 7.0

Average 6.7 1.6 6.8 6.1 2.0 6.3 6.3 6.2 1.8 6.4 6.4

Listed are the arithmetic-mean averages (Av), standard deviations (SD), expert-weighted averages (EW), and expert- and importance-weighted averages (EIW) of the expert ratings on

a scale of 1–10. Ranks 1–5 indicating highest values are in superscript.

the surface (8.4) are considered most important, followed by the
spatial heterogeneity of meltwater percolation (7.9), percolation
blocking by ice layering (7.7), and surface albedo through the
melt-albedo feedback (7.3). Least important of the selected topics
is considered to be near-surface ventilation by wind (4.6).

EW-values of the difficulty level in measuring the snow/firn
processes/properties vary considerably (Table 1). Whereas
measuring surface temperature (or in fact any surface variable) is
considered relatively straightforward (3.3), measuring the spatial
heterogeneity of meltwater percolation is judged to be the largest
challenge (8.6). Other large challenges are found in measuring
the effect of capillary forces on liquid water (8.2), hydraulic
conductivity (8.1), ventilation by wind (7.8), and processes
occurring in the bottom half of the firn (7.6).

Also in modeling, surface temperature is considered
least difficult to determine with accuracy (4.5), and spatial
heterogeneity most difficult (9.1, Table 1). The top five modeling
challenges align well with the high ranking observational
challenges, except that the modeling of percolation blocking
by ice layering ranks second (8.5). On average, measuring and
modeling retention-related topics (6.4) are judged to be equally
complicated (6.3 vs. 6.4).

In Figure 1A, we identify four quadrants in a plot of
importance vs. difficulty of the survey topics. Most topics are
located in the quadrants of high importance and low difficulty, or

low importance and high difficulty. Three topics are judged to be
of above-average importance and difficulty: spatial heterogeneity
in, and blocking of, meltwater percolation, and the hydraulic
conductivity of the snow/firn.

EIW-values confirm that these three are top ranking both in
measuring and modeling (Table 1, Figure 1B). Also the topic of
capillary forces acting on liquid water ranks high (8.0 and 7.2).
The top five in measuring is completed by temporal resolution,
i.e., the difficulty in resolving relevant firn process cycles from
repeat cores. In modeling, surface accumulation has a top-
ranking EIW-value (7.3).

Finally, we turn to the question on how important meltwater
retention in snow/firn is to the change in the mass balance of
ice masses around the globe in coming decades (Rreg1−3). This
expert judgment assessment indicates that, on these timescales,
retention may be an important factor for ice loss from Antarctica
(5.2), Greenland (8.4), and glaciated regions elsewhere (6.5).

DISCUSSION

On some topics nearly all experts agree as shown by a small
standard deviation (Table 1). For instance, all but one expert
assess the modeling of meltwater percolation blocking by ice
layers to be difficult (7–10), resulting in a small standard
deviation of 1.3. In the other extreme, in judging the difficulty
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FIGURE 1 | (A) The expert-weighted difficulty in quantifying aspect in observational (blue) and modeling (red) studies of meltwater retention in snow and firn, plotted

against their expert-weighted importance. Dashed lines represent average values. (B) The expert- and importance-weighted difficulty in measuring (blue) and

modeling (red) studies. Ratings were provided on a scale of 1–10.

level of measuring surface accumulation density, a considerable
disagreement is found with entries over the entire 1–10 range,
resulting in a larger standard deviation of 2.7. To remedy
the situation in which the less experienced potentially increase
disagreement, we added weight to the opinions of those
with more experience in the field of retention by calculating
expert factors for all survey partakers, based on the expert’s
seniority level and self-assessed expert levels (see Methods
Section). The calculation is arguably arbitrary, and therefore
kept simple. However, we find that expert weighting does not
significantly change the average topic score; expert weighting
contributes between −0.16 and +0.71 with an average of +0.22
to the Rret questions. Therefore, the results are expert-level
insensitive, because the survey part takers with a below-average
expert level generally agree with their more experienced peers.
The adjustment through importance weighting is larger with
adjustment between −2.59 (snow/firn ventilation being difficult
to measure, but not important for retention studies) and +1.49
(surface accumulation being somewhat difficult to model, but
very important for retention studies), yet the average importance-
adjustment is negligible at−0.04.

If a topic related to meltwater retention in snow/firn is
considered to be both important and difficult to assess, we regard
this as a topic in which the largest scientific advances can be
made. These topics have an above-average EIW score (Table 1).
Yet, we also need to consider the topics that are important, but
less difficult to quantify. In retention modeling, these topics leave
little room for advancement. On the other hand, in measuring,
an additional challenge exists in reaching the often remote and
inaccessible accumulation areas of glaciers and ice caps/sheets.
So while themeasurementmay be relatively simple, observational
data remain sparse due to high logistical expense. A data shortage

is also reflected in the experts’ opinion that relevant cycles in
retention are not well-resolved by repeat firn coring (Table 1).
Therefore, we argue that also the relatively simple, yet important,
measurements should be targeted for scientific advancement in
retention. Strikingly, these are all the measurements of surface
variables listed in Table 1 (surface water, accumulation, density,
temperature, and albedo) for which automated solutions exist or
can be developed, such as equipping weather stations (e.g., Mölg
et al., 2008; Van As et al., 2011) with radiometers, sonic rangers,
and snow-water-equivalent sensors.

With sparsity of observational data, it becomes of
primary importance that existing data are available
to everyone. Excellent examples of publicly available
databases containing firn data exist (e.g., the SUMup
database; Koenig et al., 2016), and efforts should be made
by the global glaciological community to expand those
databases. Likewise, only few models are capable of detailed
calculations of meltwater retention in snow and firn. The
more the model codes become available to the entire
research community, the more researchers can build on
previous efforts, and the largest the scientific advancement
will be.

CONCLUSION

In this study, we used the results of 34 experts that took part
in an expert elicitation of meltwater retention in snow and firn,
to identify those snow/firn processes and properties that are
both important and challenging to quantify, thus providing the
largest potential for scientific advancement. We applied expert-
and importance-weighting, only the latter of which proved
influential.
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We find the following topics to present the largest potential
for scientific advancement, both in measuring and modeling:

- spatial heterogeneity of meltwater percolation in snow/firn,
- blocking of percolating meltwater by ice layers, especially in
model studies,

- hydraulic conductivity,
- and capillary forces acting on liquid water.

Additionally, in modeling the following topics are worthy of
further emphasis:

- quantifying surface water,
- quantifying accumulation,
- and model initialization.

Based on the survey results, we also argue for:

- obtaining more firn cores and to sample them in more detail,
- and measuring surface variables (liquid water, accumulation,
density, temperature, and albedo) at more sites, since data
sparsity is not caused by the difficulty of the measurement
itself, but by the difficulty in getting to the accumulation areas
of glaciers and ice caps/sheets.

In a final question on the future change of retention due to
climate change, the expert panel answered that in the coming
decades, meltwater retention is expected to be of importance
to mass loss in glaciated regions worldwide, especially in
Greenland.
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