:" frontiers

in Earth Science

ORIGINAL RESEARCH
published: 06 August 2019
doi: 10.3389/feart.2019.00199

OPEN ACCESS

Edited by:
Matthias Huss,
ETH Zdrich, Switzerland

Reviewed by:
Shad O'Neel,
U.S. Geological Survey, Alaska,
United States
Mauri Pelto,
Nichols College, United States

*Correspondence:
Gwenn E. Flowers
g owers@sfu.ca

Specialty section:
This article was submitted to
Cryospheric Sciences,
a section of the journal
Frontiers in Earth Science

Received: 09 April 2019
Accepted: 19 July 2019
Published: 06 August 2019

Citation:
Pulwicki A, Flowers GE and
Bingham D (2019) Pursuit of Optimal
Design for Winter-Balance Surveys of
Valley-Glacier Ablation Areas.
Front. Earth Sci. 7:199.
doi: 10.3389/feart.2019.00199

Check for
updates

Pursuit of Optimal Design for
Winter-Balance Surveys of
Valley-Glacier Ablation Areas

Alexandra Pulwicki !, Gwenn E. Flowers * and Derek Bingham 2

1 Department of Earth Sciences, Simon Fraser University, Buaby, BC, Canada,? Department of Statistics and Actuarial
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Ef cient collection of snow depth and density data is imporant in eld surveys used
to estimate the winter surface mass balance of glaciers. Sinitaneously extensive,
high resolution, and accurate snow-depth measurements carbe dif cult to obtain, so
optimisation of measurement con guration and spacing is vluable in any survey design.
Using in-situ data from the ablation areas of three glaciers in the St. EBaMountains
of Yukon, Canada, we consider six possible survey designs fosnow-depth sampling
and N D 6-200C sampling locations per glacier. For each design and number fo
sampling locations, we use a linear regression on topograph parameters to estimate
winter balance at unsampled locations and compare these e@thates with known values.
Average errors decrease sharply with increasing sample €izup to N 10-15, but
reliable error reduction for any given sampling scheme redpes signi cantly higherN.
Lower errors are often, but not always, associated with samiing schemes that employ
quasi-regular spacing. With both real- and synthetic datathe common centreline survey
produces the poorest results overall. The optimal design ¢€n requires sampling near the
glacier margin, even at lowN. The unconventional “hourglass” design performed best of
all designs tested when evaluated against known values of wier balance.

Keywords: glacier mass balance, winter balance, experimenta
Mountains, Yukon (Canada)

| design, snow survey, mountain glaciers, St. Elias

1. INTRODUCTION

Spatially distributed glacier-wide estimates of seasonalwsaccumulation are critical for
understanding glacier mass balance and for predicting thedlability and timing of surface
runo, especially in mountainous regions (e.dkaser et al., 2010; Huss and Hock, 20IFhe
net accumulation of snow on a glacier over a winter seasomsvk as the winter surface mass
balance, or “winter balance” and is typically reported in restof water equivalent (mw.e.) (e.g.,
@strem and Brugman, 1991; Cogley et al., J0Winter balance accounts for half of the seasonally
resolved mass balance, initialises ablation conditiomiseagcts energy and mass exchange between
the land and atmosphere (e.glock, 2005; Réveillet et al., 2016

Snow surveys on glaciers are conducted to estimate wintanba, with multi-year sampling
programs established to monitor temporal changes in wintéabee (e.gAndreassen et al., 20)L6
Depending on the application, winter balance may refer to theploalancey, or the glacier-wide
speci ¢ balanceB,, (Cogley et al., 20)1Although some studies have documented interannual
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variability in the spatial patterns of winter balance (e.g., The optimal survey design would sample every unique region
Bjornsson et al., 1998; Hodgkins et al., 2)tere is a mounting of the eld of interest, thus requiring priori knowledge of the
literature that documents quasi-stationarity of interamt  eld itself. A logical approach to discovering this eld would be
patterns of both snow distribution on ice-free landscapeg.(e. through high-density sampling using a space- lling design such
Deems et al., 2008; Sturm and Wagner, 2010; Schirmer et as a regular grid or Voronoi polygons, but such an approach
2017 and winter balance on glaciers (e.Gaurisano et al., 2007; is rarely feasible. Centreline pro les, alone or combined with
Sold et al., 2016; McGrath et al., 2).Tkhis persistence in spatial transverse pro les, comprise the most common survey designs
patterns is attributed to persistence of synoptic scale weathesed in winter-balance studies (elgaser et al., 2002; Machguth
patterns including the prevailing winds (e.@/instral and Marks, et al., 2006; Escher-Vetter et al., 2009; Mdller and Mdller, 2019
2002, topography (e.gErickson et al., 20Q%and its associated The centreline pro le aims to capture changes in winter batanc
roughness (e.gLehning et al., 20)1and in the case of ice-free with elevation and may capture expected orographic e ects,(e.g.
landscapes, vegetation (e$jirm and Wagner, 20)0 Grunewald et al., 20)4However, centreline pro les are known

Optimal survey designs for snow depth are central tdo increase the correlation between winter balance andaétav
estimating snow distribution and mass balance framsitu compared to other survey designs (e.gscher-Vetter et al.,
measurements (e.gatson et al., 2006Measuring snow depth 2009, and may therefore lead to under- or overestimation of
and travelling between measurement locations is both timglacier-wide winter balance. Transverse pro les are thweef
consuming and can disturb the snow, so care must be taken tften added to improve the reliability of the sampling scheme
choose a survey design that avoids bias, allows for theegteat(e.g., Walmsley, 2016 An hourglass with an inscribed circle
variability to be measured and minimises distance tradgléeg., (personal communication from C. Parr, 2016) is an alterrativ
Shea and Jamieson, 2010; Kinar and Pomeroy,)20dreover, sampling scheme that captures changes in winter balance with
the period of seasonal maximum snow depth can be brief, anélevation while avoiding the centreline bias. To our knalge,
even dicult to pinpoint for glaciers with a large range in no study has yet compared the performance of these di erent
elevation, further motivating the need for time-e cient sueys.  sampling schemes in estimating winter balance.

There are a number of dierent survey designs that have The goal of this work is to evaluate di erent survey designs
been employed to obtain point measurements of snow deptland sample sizes used to estimate winter balance in the
including pure random (e.gElder et al., 199] linear random ablation areas of three valley glaciers in the St. Elias Maomita
(e.g.,Shea and Jamieson, 201l6ested (e.g.5chweizer et al., of Yukon, Canada, usingn-situ measurements. Our specic
2009, gridded random (e.g.Bellaire and Schweizer, 2008;objectives are to (1) determine how to accurately estimate
Elder et al., 2009; Bellaire and Schweizer, p@hd gridded winter balance, including its potential interannual vaiilgk,
(e.g.,Molotch and Bales, 2005; Kronholm and Birkeland, 2007with the fewest possible measurements, (2) examine the
Lopez-Moreno et al., 20).1Sampling schemes that incorporate relationship between optimal design and topographic controls
randomness limit sampling bias by varying sample spacing anoh winter balance, and (3) provide a modular template for
direction. However, they are less e cient than designs thatother studies that may seek to apply principles of experimental
incorporate grids. Grid-based designs minimise travelatise design to new or existing mass-balance programs. We focus
but measurements are biased by regularly spaced intervdls aprimarily on the winter-balance eldby(x,y), as our data
linear orientations which can result in an under-represéiota  best address this variable, but we also consider the specic
of snow-depth variabilityl{ronholm and Birkeland, 2007 winter balanceB,, as the most commonly targeted variable by

An optimal survey requires (1) a spatial sampling schemenass-balance programs.

(survey design) that captures snow-depth variability and

minimises travel distance and (2) identi cation of the mnum

number of measurement locations needed to estimate winte?. STUDY SITE

balance to the desired precision or accuracy. The optimabdesi

also requires temporal consistency in sampling locations,(e.gNe investigate winter-balance survey design for the abfati
McGrath et al., 201)dn order that interannual spatial variability areas of three unnamed glaciers in the Donjek Range of
in sampling locations does not confound the determination ofsouthwest Yukon, Canad&igure 1). Our study is restricted to
interannual variability in the winter-balance eld (e.d=scher- the ablation areas due to low data density in the accumulation
Vetter et al.,, 2000 This consistency is important both for areas (se@ulwicki et al., 2018 Monitoring snow distribution
calibration of geodetic mass-balance measurements and fand glacier mass balance in the St. Elias Mountains begarein th
in-situ measurements alone. Optimisation of winter-balancel950s and 1960s with a series of research programs, including
surveys is rarely investigated because the locations of-snoProject “Snow Cornice” and the Ice eld Ranges Research &roje
depth measurements are often dictated by some combination ¢fVood, 1948; Danby et al., 2003More recent studies have
resources, logistics, safety and precedent. Of the fewesttidat focused on individual glaciers (e.@larke, 2014; Flowers et al.,
have investigated the number of measurement locationsetted 2019 as well as regional glacier mass balance and dynamics
to e ectively sample mass-balance distributions (€bgley, (e.g.,Arendtetal., 2008; Burgess et al., 2013; Larsen et al,, 2015
1999; Fountain and Vecchia, 1999; Pelto, 2000; Walmsle$; 20Waechter et al., 20)5

Surjanovic, 2013 some have found errors to decline sharply with ~ Situated on the northern anks of the St. Elias Mountains,
as few as 4-5 measurements (é=guntain and Vecchia, 1999  which rise sharply from the Paci ¢ Ocean, the Donjek Range
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FIGURE 1 | Study area and measurement locations on Glaciers 4, 2 and 13a) Donjek Range of the St. Elias Mountains, Yukon, Canada (stam inset). Imagery from
Sentinel-2A (29 August 2013, Copernicus Sentinel data 201,3rocessed by ESA).(b) Snow-depth survey designs: centreline and transverse prods (blue dots),
hourglass with inscribed circle (orange dots). Also shownra locations of snow-pit density measurements (green squas with densities given in kgm 3), ice- ow
directions (arrows), approximate location of ELA on each atier (black dashed lines) and elevation contours (grey) 80 m intervals. Data from the accumulation area
are omitted.

TABLE 1 | Physical characteristics of the study glaciers. 3. METHODS

Elevation (m a.s..) Slope () Area(km®)  Below we outline the process of determining point-scale and

Mean Range ELA Mean grid-scale values of winter balance from snow depth and dgnsit
measurements. We then present our strategy for evaluating

Glacier 4 2344 1958-2809 2500 12.8 3.8 ) . :

) survey designs with real and synthetic data.
Glacier 2 2495  1899-3103 2500 13.0 7.0
Glacier 13~ 2428  1923-3067 2380 13.4 12.6

Approximate ELA is estimated based on Landsat 8 imagery from 5 Sept 2013 31 Fleld Measurements

(LC80620172013248LGNOO) courtesy of the U.S. Geological Surye Point-scale values of winter balance are obtained fromadire
measurements of snow depth and densifiglire 1). Snow
depth was measured using 3.2 m graduated aluminium avalanche

experiences a continental climatéaf/lor-Barge, 199 Glacier probes. Measurement locations followed linear and curvdime

4, Glacier 2, and Glacier 13 (labelling adopted fremmpton  proles in various survey designs termed “centreline” and

and Flowers, 20)@re small alpine glaciers (3.8-12.6%rsee  “transverse” pro les, “hourglass” and “circle.” Sampling was

Figure 1, Table 1) that lie along a transect roughly perpendicular similar between study glaciers, with a sample spacing of 10—

to this major regional orographic barrier (to the southwest i 60 m dictated by protocols for safe glacier travel. Each okserv

Figure 1). Within the L-shaped Donjek Range itself, Glacier 4made 3—4 individual depth measurements withii m at each

and Glacier 2 are, respectively, situated on the southeabt asurvey location; these measurements were averaged taabtai

northwest sides of the same limb of the divide, while Glat&r single value. Geolocation was obtained based on singledreyu

is situated on the northeast side of the other limb. Glackasnd GPS measurements. Snow-depth measurements were largely

13 ow dominantly northwest, while Glacier 4 ows dominagtl restricted to the ablation area, where the clear distinctietwzen

southeast. The elevation of these glaciers ranges frafB00 to snow and ice ensures that only snow from the most recent

3,100 ma.s.l., with Equilibrium Line Altitudes (ELAS) lbed accumulation season is measured. In total, we collectedcemor
between 2,300 and 2,500 ma.s.l. than 9,000 snow-depth measurements throughout the study are
All three glaciers inhabit steep-walled valleys, with Gexi from 4 to 15 May 2016.

2 and 13 having steep and somewhat complex headwalls. This Snowpit-density pro les were measured using a wedge cutter

complexity in the upper accumulation area is typical of manyand spring scale in at least three locations on each glacier,

alpine glaciers, and is one of many hindrances to spatiallincluding at least two locations in the ablation area (Segire 1).

comprehensiven-situ measurements of mass balance. We expe@now density is often assumed to vary with elevation (Egd

that all three glaciers are polythermal, based on a targetest al., 2015 but such a relationship is not always observed

study of Glacier 2\(Vilson et al., 201Band related theoretical (e.g., Mdller and Médller, 201R In our case, only two of

modelling Wilson and Flowers, 20)3 These glaciers were three glaciers clearly exhibit an elevation-dependent derasit
chosen speci cally in 2016 to study winter-balance estiorati measured in the snow pit$(lwicki, 201Y. Based on a detailed
and uncertainty, a detailed analysis of which forms the$a$i analysis of density estimation and the comparatively modest
the present studyRulwicki, 2017; Pulwicki et al., 20)L8 uncertainty it introduces in estimates of winter balancetftese
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glaciers Pulwicki et al., 2018 we take the simple and common random (RN) Figure 2). All designs were used in the eld

approach of using a mean density calculated for each glaci@figure 1) except random, which permits sampling anywhere

(e.g.,Escher-Vetter et al., 2009; McGrath et al., 2015; Culledeemed safely accessible in the ablation area. These designs

et al., 2017; McGrath et al., 201t® convert snow depth at all remain xed in size and space to match the actual designs used

measurement locations in the ablation area to values of poinin the eld. For each survey design we investigate the e ect

scale winter balance. The mean ablation-area snow degisitief sample sizéN, whereN ranges from a minimum of six to

are 342kgm?® for Glacier 4, 353kgn? for Glacier 2 and a maximum determined by the number of gridcells actually

369 kg m 3 for Glacier 13. sampled (57 to 228 depending on the survey design). We adopt a
All point-scale values of winter balance (up to six, averaggt regression model where winter balance is related to topodcaph

located within a single 40 40 m gridcell of a SPIRIT SPOT-5 parameters (e.gMcGrath et al., 2015

digital elevation model (DEM)Korona et al., 200are averaged X

to obtain a single value of winter balance in each sampled bw(X,y) D oC i Xi(x,y)C , (1)

gridcell (Pulwicki, 201Y. The use of “samples” henceforth refers i

to grid-scale, rather than point-scale, values of winterahbeg;

we omit any further discussion of how to obtain accurate andwvith ( the intercept, ; the coe cients, X; the topographic

representative estimates of grid-scale winter balancedétailed regressors, and the random error. The regressors are

analysis of winter-balance estimation for the study giacie topographic parameters derived from the above-mentioned 40

Pulwicki et al. (2018found both sub-grid snow-depth variability = 40 m SPIRIT SPOT-5 DEMK(rona et al., 200%and include

and treatment of snow density to be less important as sourtes only the four found to have some explanatory power in our

uncertainty than the method of interpolation/extrapolation datasets Rulwicki et al., 2018 elevation, slope, curvature and
S & is a wind parameter that describes terrain exposure to
3.2. Analysis (negative values) or shelter from (positive values) the pliega

Below we give an overview of the structure of, and rational&ind, and depends on local topography and wind direction
for, our methods of analysis. In statistical experimentadige, (Winstral et al., 200R Estimates of the expected valuebgfare
the objective is often to obtain a design that is optimal indetermined by least-squares regression using the Matlatiitum
some sense over the plausible, or expected, range of possildgress and denoteds,.
con gurations of the eld of interest, rather than simply ojptial For each survey design, a sethfrregularly spaced samples
for a single realisation of this eld{ean et al., 200)7Similarly, is chosen by rst randomly selectingl sampling locations
in pursuing optimal designs for winter-balance surveys, vekse 100-1,000 times and choosing the set from 100 to 1,000
a more general result than can be obtained by using a singthat maximises the minimum distance between samples (an
realisation of the winter balance. We therefore complememt ouapproximate “maximin” distance desigdphnson et al., 19%0
real datasets with synthetic datasets, of which we can genan We do this 200 times. This approach avoids a degree of
arbitrary number. irregularity in sampling schemes, arising from purely randomly
Beginning with the real data, we select subsets of the grigelected sampling locations, that we deem unrealistic fod el
scale values of winter balance (samples described in sectipractice. For each of the 200 subsets of irregularly spacepleam
3.1) from which we estimate winter balance across the aivlati of size N, we use a linear regression to obtaf®,. RMSE

area. We then evaluate the quality of this estimate agaest t is then computed between estimate@vl and observed )

measured values for each survey design. Quality is asses§gher palance at all measurement locations on a gridcell-by
primarily based on the root mean squared error (RMSE) of th%ridcell basis:

estimated winter-balance elby(x,y), though we also consider

the speci ¢ balanceBy,. To complement the real data, which M
represent a single realisation of the winter-balance elddach U 4 X 2
; _ . — RMSEDY =" B, by (2)
glacier, we generate synthetic data using a topographicssigre Nt i i
model. From the numerous synthetic realisations of the afint ib1

balance eld, which we refer to as “synthetic winter-balanc

elds,” we can extract “synthetic samples.” The synthetitada where Nt is the total number of measured gridcells. The
ideally represent the sort of variability in winter balanbatwe performance of designs associated with lower RMSEs, on ayerage
expect to see in practice. With these samples, we again estimégeconsidered better than those associated with higher RMSEs.
the winter balance eldy,(x,y) as well as,,, both of which can By repeating the steps above 200 times @Egere 3), we can

be evaluated against the synthetic data for each survegrdesiassess the sensitivity of RMSE to di erences in sampling lawsitio
Figure 3shows the procedures described in this section for redbr a given survey design and sample size. While the RMSE is

and synthetic data. an assessment of the winter-balance blg(x,y), compensating
spatial errors could result in simultaneously poor estimatidn o
3.2.1. Real Data bw(X,y) (high RMSE) and good estimation of the speci ¢ balance

Using the real data, we extract subsetsNofsamples of the By. We cannot, however, compute a metric of accuracyBgr
gridcell-averaged winter balance from six possible surveigds: because we do not know the true valueBgf even in the ablation
centreline (CL), centreline and transverse proles (CTycle area. Instead, we compaBg, estimated with sample subsets to
(CR), hourglass (HG), hourglass with inscribed circle (H&)d  that estimated with the full set of measurements.
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FIGURE 2 | Survey designs on the three study glaciers(A) Centreline.(B) Centreline and transverse(C) Circle. (D) Hourglass. (E) Hourglass and Circle.(F) Random.
Filled circles showN D 20 possible sampling locations amongst many in the ablatioarea (along lines for all designs but Random, where dots sho®00 possible
sampling locations). Solid black line indicates approximea ELA. The reference winter-balance eldly), shown in colour, is derived from linear topographic regesion
of the real data. Across the ablation areab,y averages to 0.59 mw.e., 0.34 mw.e. and 0.27 mw.e. for Glacies 4, 2 and 13, respectively. When the accumulation area
is included, By is estimated to be 0.59 mw.e., 0.57 mw.e. and 0.38 mw.e.

We also perform one additional simulation for each surveyand S;. We use the results dficGrath et al. (2015}o de ne
design and sample si2¢ using quasi-regularly spaced samplesnormal distributions for the coe cients ; (Equation 1) in
that are intended to represent a plausible expert design. Istandardised form from which we can randomly sample (see
this case, sampling always begins at the location of the rsBupplementary Materia). Normal distributions for ¢ and
eld measurement (e.g., at the corner or end of a pro le) andare de ned based on our data, out of necessity, and are glacier
subsequent sampling locations are again chosen to maximispeci c. Random error is assumed to have zero mean and a
the minimum distance between sampleslinson et al., 1990 standard deviation equal to that of the glacier-speci c suthgri
Sampling locations thus remain xed d$ increases and the variability of winter balance determined biulwicki et al.

survey design lIsin. (2018) By using distributions for ; from McGrath et al. (2015)
and topographic parameterX; from the study glaciers, we
3.2.2. Synthetic Data generate synthetic distributions of winter balance that largely

While any number of models could be used to generaténdependent of our measurements but adjusted to local terrain
synthetic data, we use a topographic regression both for ifshis approach allows us to evaluate the quality of designs over
simplicity and for its demonstrated potential to generatdistie ~ any number of potentially plausible winter-balance elds. We
distributions of winter balance. This approach has the addegerform a similar set of tests with; from Pulwicki et al. (2018)
benet of allowing us to evaluate survey designs on winterfor comparison Supplementary Materia).

balance distributions that are purely related to topographic We use the above procedure to generate 200 synthetic
parameters. The regressors are again elevation, slopetungrva distributions  of winter balance (seeFigure3 and
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FIGURE 3 | Algorithm used for(A) real and (B) synthetic data with loops over the three glaciers and six swey designs omitted. Differences are shown in boldmax
ranges from 100 to 1,000. Nmax is the number of measured gridcells and depends on the surveglesign. The “maximin” design maximises the minimum distance

1990). SeeSupplementary Material for corresponding pseudocode.

200
fields
tested?

No

Supplementary Materia).

Tests with

larger

numbers of ablation area onlyB,, is 0.59 mw.e. for Glacier 4, 0.34 mw.e. for

synthetichby, distributions showed little change in the results.Glacier 2 and 0.27 mw.e. for Glacier 13 ($égure 2). When
In order to make results between di erent winter-balance sld the accumulation area is includeB,, becomes 0.59 mw.e. for
for a given glacier comparable, the magnitudes of the syithetGlacier 4, 0.57 mw.e. for Glacier 2 and 0.38 mw.e. for Gld8er
winter balances are scaled such that the specic baldbge Prior to this scaling, the raw synthetic winter balance igteld

remains constant and equal to the reference value obtainagpward by a constant to remove any negative values generated

when all real data are used in the linear regression. For thiey the regression.
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FIGURE 4 | RMSEs for real data computed on a gridcell-by-gridcell basibetween measured winter balance and co-located estimate®f winter balance using
subsets of the data in a linear topographic regression (Equin 1) for various survey designs (columns) and sample sigé\ (x-axes) for Glacier 4 (top row), Glacier 2
(middle row), and Glacier 13 (bottom row). Insets show examelsampling con gurations. Bold coloured lines are mean valug of RMSE from 200 estimates of the
winter-balance eld using different con gurations of irreglarly spaced samples; values are given fok D 10. Dark and light shading, respectively, indicate one andito
standard deviations arising from different sampling con grations. Horizontal dashed lines are the target RMSEs whenlladata are used to estimate winter balance.
Dotted lines represent individual simulations with quasigularly spaced samples. The proximity of the RMSE to the dded line is a measure of precision, while its
proximity to zero is a measure of accuracy.

To evaluate survey designs, as in the case with real data, glacier) to assess the performance of each survey design and
extract 200 subsets df samples within a given design (CL, CT, sample size. We also consider the quality of the estimate@salu
CR, HG, HC, RN) from each synthetic distribution of winter of By, both across the ablation area and glacier wide. In this case,
balance. With each subset Nf samples, we again estimate theNt (Equation 2) is the total number of gridcells in the domain,
winter-balance eld using new values op and ; determined rather than the total number of measured gridcells. With the
by least-squares regression. Although the form of the modeaynthetic data, results for each survey design and sampde siz
(linear regression on topographic parameters) used to geaerate ect 40,000 simulations: 200 winter-balance distribngo
the synthetic data here is the same as that used to estimaterwi 200 subsets dfl samples. As for the real data, we perform one
balance, this need not be the case. For example, one could ws#ditional simulation for each survey design, sample Siznd
a linear or non-linear statistical model that does not exflic  winter-balance eld using quasi-regularly spaced samplesgsi
incorporate topography (e.gLliboutry, 1974 or that instead there are 200 winter-balance elds in this case (comparech® o
speci es spatial covariance characteristics. Using the dame  in the real-data case), we have 200 additional simulationsdch
of the model to generate and estimate winter balance o ersurvey design and sample size.

a less challenging test than using di erent models, because it
eliminates error due to mismatch in model form (known as4. RESULTS
model-form error).

We again compute the RMSE between the estimated arBelow we describe the performance of the dierent survey
known (synthetic) winter balance on a gridcell-by-griddedsis  designs and sample sizes for each glacier, and rank each survey
across the entire domain (either the ablation area or theérent design based on the RMSE.
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FIGURE 5 | Ranking of survey designs from 1 to 5 (best to worst, left to ght)
using real data for(A) low N (10-15 sampling locations)(B) wide range of N
(6—45 sampling locations), andC) high N (35—-40 sampling locations).
Rankings are based on RMSE fobyy for a given survey design averaged over
the speci ed range of N. Results are shown for Glaciers 4, 2, 13 individually
(G4, G2, G13), together (ALL) and for Glaciers 2 and 13 combaa (G2 & G13).
From left to right in top row, symbols represent CL, CT, HC, HGCR. RN is

excluded. Overlapping symbols indicate a tie.

N=10-15

N=6-45

N=35-40

4.1. Real Data

The mean RMSE between estimated and measured winter
balance decreases markedly with sample izior all survey
designs on all glaciers (solid coloured linégsgure 4), with

in ection points between N 10-15 in most cases.

In several cases, mean RMSE reaches the target (dashed
horizontal lines, Figure4 with N < 45. At low N,
individual simulations sometimes yield RMSE below the target
(coloured swaths dipping below horizontal dashed lines) due
to fortuitous sampling locations. The individual simulat®n
with quasi-regularly spaced samples (dotted linEgure 4)
produce RMSEs that are sometimes, but not always, lower than
the mean RMSEs with irregularly spaced samples (coloured
lines, Figure4). The general decline in RMSE witN in

the simulations with quasi-regularly spaced samples is not
usually monotonic.

Survey design can be assessed by averaging RMSEs over

various ranges ofN, both for glaciers individually and in
combination Figure 5). Three ranges dfl were chosen, as RMSE
can exhibit somewhat di erent behaviour at low and hiyhN D
10-15 Figure 5A) is around the in ection point of most curves
in Figure 4, while the performance ranking of survey designs
for a given glacier does not usually change beybhn® 35-40
(Figure50; N D 6-45 figure 5B) represents the full range
of N presented inFigure 4 Aggregated results (rows labelled
“ALL” and “G2 & G13” in Figure 5) are obtained by averaging
the ranks for each glacier and each valueNofe.g.,N D 10—
15) to obtain a more representative result than averaging the
integer ranks 1-6 reported for the glaciers individually. The
rank of the RN survey design can vary with each trial due
to its random nature and has therefore been excluded from
Figure 5.

Design rankings di er between glaciers (rows labelled “G4,"
“G2; “G13” in Figure 5. Only HC ranks in the top three for
all glaciers for all ranges ®f. HG is always in the top two and
CL in the bottom two for G2 and G13. Across all glaciers, CT is
never worst, and only once best (G2,D 35-40). In assessing
the results aggregated across glaciers (rows labelled “ilaLL"
Figure 5, HGis rst, HC and CT are in the top three, and CL and
CR in the bottom two for all ranges ®f. Only minor changes in
the rankings occur when Glacier 4 is excluded (rows labellet “G
& G13”inFigure 5).

Estimates oBy, using the di erent survey designgigure 6)
have an in ection point at loweN than in the case fdo,, (RMSEs
in Figure4). The implication is that fewer measurements
are needed to achieve a substantial reduction in error of
By, as compared tdy,. The variance is higher, as expected,
for glacier-wide estimates d,, (Figure 6B) as compared to
estimates for the ablation area onlFigure 6A). In both
cases, compared tb,, estimates ofB, with quasi-regularly
spaced samples (dotted lines Figure 6) are highly non-
monotonic with N. Some designs systematically under- or
overestimateB,, relative to the value obtained when samples
from all measurement locations are used; for a given design,
whether By, is higher or lower than the target depends on
the glacier.
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FIGURE 6 | Ablation-area-wide(A) and glacier-wide (B) winter balance By, estimated using real data in a linear topographic regressiofor various survey designs
(columns) and sample sizedN (x-axes) for Glacier 4 (top rows), Glacier 2 (middle rows) drGlacier 13 (bottom rows). Insets show example sampling con grations.
Bold coloured lines are mean values of 200 estimates d,y using different con gurations of irregularly spaced samplg; values are given folN D 10. Dark and light
shading, respectively, indicate one and two standard devi#ons arising from different sampling con gurations. Horiantal dashed lines are the target values 0By
estimated using all data. Dotted lines represent individuaimulations with quasi-regularly spaced samples.

4.2. Synthetic Data results with real and synthetic data, comment on di erences
RMSE again declines rapidly with sample side whether between glaciers and highlight both the limitations and evid
considering just the ablation are&igure 7A) or the glacier as implications of the study.
a whole Figure 7B) this time. Although we have restricted our .
sampling designs to the ablation area for comparability witho.1. Survey Design
the real data, the synthetic data allow us to evaluate desigh robust result of this study is the decline in mean RMSE
performance for glacier-wide estimation of winter balarRMSE ~ of the estimated winter-balance elt, with sample sizeN
evaluated in the ablation areaFigure 7A) comes closer to for every survey design considered. Whether or not RMSE
the target value (horizontal dashed line) By D 45 than closely approaches the value obtained by using data from all
RMSE evaluated glacier widEigure 7B). Unlike the real-data measurement locations, a distinct in ection point in RMSE is
case, the standard deviation of the RMSEFigure 7 (shading) ~apparent betweehl  10-15. Results thus improve quickly up
arises primarily from the 200 di erent realisations of winter to N 15 and more slowly thereafter. This in ection point
balance (seBupplementary Materia). The additional variability ~occurs at even loweéd when considering the speci ¢ balanBg.
contributed by the irregular sampling locations (light sivag) ~ There have been previous studies (etpgley, 1999; Fountain
is small. Model ts with quasi-regularly spaced samples (dotted@nd Vecchia, 1999; Pelto, 200> suggest that low sample
lines, Figure 7) are similar to those with real data: RMSEs areSizes may be su cient to estimate the annual mass balance. An
often, but not always, lower than those obtained on averdtie w important caveat to our study is that each sample represents the
the irregularly spaced samples. Qualitatively similar resate  mean winter balance within a 40 40m gridcell, rather than
obtained for synthetic data based Bnlwicki et al. (2018nstead ~an individual point measurement. Furthermore, even for &egiv
of McGrath et al. (2015(Supplementary Materia). sample sizeN, we nd that estimates ob,, and By, can vary
Survey-design rankings present a similar but cleaner picturgigni cantly depending on sampling locations. Oversampliag i
for the synthetic dataRigure 8) than for the real dataRigure 5).  therefore always recommended.
HG always ranks in the top two, with one exception. CL ranks Notable dierences emerge between quasi-regularly and
last without exception. CR ranks in the bottom three with oneirregularly spaced sampling in some cases (dotted lines vs
exception. CT is never best, but never worst. RN improves witeoloured lines irFigures 4-7). The former often produces lower
N, and is included here because the 40,000 simulations in eaBMSE on the winter-balance eldy, for a given N than
design assessment for ed¢make its rank more stable. Rankings the mean RMSE of 200 trials with irregularly spaced samples
for G2 and G13 bear more similarity to each other than to(seeFigure 4 for real data andFigure 7 for synthetic data).
those for G4, indicating that there is something topograptyca Further improvement, including a more monotonic decline in
distinct about G4. Design rankings di er only slightly whesing RMSE withN, would be expected if the survey were entirely
RMSE evaluated glacier wide (not shown) as compared to RM3gdesigned with each additional sampling location, suctt tha
evaluated only in the ablation are&igure 8. They are also Samples were truly regularly spaced. Our methodology, while
similar for synthetic data based dtulwicki et al. (2018instead failing to seek the globally optimal design, mimics the eld
of McGrath et al. (2015(Supplementary Materia). situation of adding to or pruning an existing measurement
The idealised nature of the synthetic data is evident imetwork. The superior performance of more regularly spaced
estimates of the speci ¢ balan@, (Figure 9 where the true sampling schemes is particularly evident in comparisons with
values ofB,, are easily achieved. Such a result is unsurprisingfuly random sampling schemes (not shown). The same is
given that mist arises only from the random error added to not true for estimates oBy, using real dataRigure 6), where
the samples which averages to zero. Errors in estimaipg duasi-regularly spaced sampling is no guarantee of improved
are su ciently small Figure 9 that design rankings are not performance over irregularly spaced sampling. In contrastreh
meaningful, with the exception that CL is consistently worstis almost no di erence between sampling schemes in estimating
Unlike in the real-data case, quasi-regularly spaced samplBs using synthetic dataHigure 9).
perform almost identically to the mean of the irregularly Although there is visual similarity in the performance of
spaced samples. dierent survey designs (e.gkigures4 7), both real and
synthetic data point to a broadly consistent rankirigigures §
8) evaluated on the basis of RMSE on the winter-balance eld
5. SYNTHESIS AND DISCUSSION bw. HG is often best, CL often worst, CT and HG somewhere
in the middle and CR near the bottom. The best survey designs
Below we provide a brief synthesis of results, consolidaswk  sample the glacier margins even at ldiv(e.g., HG), while the
have learned about survey design, discuss discrepanciesdret worst undersample the margins even at high(e.g., CL, CR).
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FIGURE 7 | RMSEs for synthetic data (based orVicGrath et al., 2015 computed on a gridcell-by-gridcell basis across the ablaon area(A) and glacier wide(B)
between known (synthetic) winter balance and that estimateusing subsets of the synthetic data in a linear topographicegression (Equation 1) for various survey
designs (columns) and sample sizedN (x-axes) for Glacier 4 (top rows), Glacier 2 (middle rows) drGlacier 13 (bottom rows). Insets show example sampling

con gurations. Bold coloured lines are mean values of RMSE dm 200 estimates of each of the 200 synthetic winter-balanceelds using different con gurations of
irregularly spaced synthetic samples (40,000 model ts); Maes are given forN D 10. Light shading indicates the standard deviation arisinrom the 40,000 ts.

Dotted lines are mean values of RMSE from estimates of each tifie 200 synthetic winter-balance elds using quasi-reguldy spaced synthetic samples. Dark shading
indicates the standard deviation arising from the 200 diffent winter-balance elds. Horizontal dashed lines are the RISEs when synthetic data from all measurement|
locations are used to estimate winter balance.

Intermediate designs, though they extend to the glaciergimar glacier mass loss. The performance of any design, including C
in principle (e.g., CT), may not adequately sample the margins linked to how well it samples the winter-balance distrilouti
at lowN. Some designs (e.g., HC) have many possible samplimgnd in our case, the topographic parameters with the most
locations, such that samples may or may not land near thexplanatory power. CL typically samples elevation well, but
margins. The propensity for the best designs to sample away frofails to sample the glacier margins where snow accumulation
the centreline also explains why the relative performance of Rnd persistence can be greater than along the centreling (e.g
improves withN (Figure 8). Machguth et al., 2006; Walmsley, 2D15

Design rankings based on the specic balarigg are less Other studies of survey design for summer or annual (summer
meaningful and were therefore not shown. For the syntheditad C winter) balance nd that relatively few measurements along
all designs but CL perform similarly well when evaluated gsin the centreline may be su cient for accurate balance estiesat
Bw. For the real data, using,, e ectively compares the precision For examplesurjanovic (2016)nds that a CL design performs
(not the accuracy) of an extrapolation to unmeasured areasvell in some ablation regimes:ountain and Vecchia (1999)
Furthermore, compensating spatial errors can lead to changesd that as few as ve stakes are needed to estimate the
in design rankings from those based on accurately capturingnnual balances of two small glaciers in the western contalen
the eld by. Designs HG, CR and CL for G13 present anUnited States-ountain and Vecchia (1998mphasise that there
interesting case study: they are ranked 1, 3, and 5, resphbgtiv is little transverse variation in annual balance and thatation
based on the accuracy of estimatibg in Figures 5B,C but is the dominant control on annual balance. Our results aré no
the values ofB,, estimated by CR and CL are closer to thenecessarily inconsistent with those Bbuntain and Vecchia
value estimated using the full dataset than that estimated b(1999)if annual balance correlates more strongly with summer-
HG (Figure 6). This upset can be explained by considering therather than winter balance.
similarity of the regression coe cients determined usinbet
individual designs and those determined using the full data 5.2. Real vs. Synthetic Data
Averaged over the 200 model ts, CL best estimates the c@nti  Though the results for real and synthetic data point to some
of the mostimportant regressor (elevation) determined gdime  robust conclusions (see above), there are informative énees
full dataset, while CR best estimates the intercept of thealin between them. The target RMSEs are lower for the synthetic
regression. HG is second best in both cases, but on averegle, ljata (horizontal dashed lines Figure 7compared tdFigure 4),
samples the regressor (elevation) compared to the full datas@ecause the synthetic winter-balance elds, generateth wit
The combination of slopes and intercepts arising from modelinear regression model, can be precisely estimated with that
ts with each of the designs leads to estimates of wintermz@a same model in the absence of noise. The values of the target
using HG that compare more favourably with observations tharRMSEs for the synthetic data therefore isolate the performance
those with CR or CL over the range of topographic parametersf the survey design, or more precisely, the ability of thegtesi
presentin the data. When these regression coe cients are afpli to capture variation in the topographic parameters correlated
to topographic parameters beyond those sampled by the fullith winter balance. With real data, the values of the target
dataset (e.g., across the entire ablation area or glacé#E)wthe RMSEs combine the performance of the survey design and the
extrapolated winter balance estimated with CR or CL is closer performance of the linear regression in representing the olesk
that estimated using the full data set. Since this is an prtedion  winter-balance eld. The most notable contrast between the
without data for comparison, it is not possible to determinedesign rankings with reaRjgure 5 and synthetic datafigure 8)
whether design performance based B using the real data is s the greater consistency present for the synthetic datingw
meaningful. to its idealised nature. While the optimal survey design delsen

The data suggest that sampling away from the glaciesn the nature of the eld being measured (e.gscher-Vetter
centreline provides a signi cant improvement in winter-bat® et al., 200y the broad similarity of results across real and
estimation, even though elevation remains the dominankynthetic datasets, including hundreds of realisationsthef
topographic control for two of the three glacier®Wlwicki  winter balance eld in the synthetic case, demonstrates some
et al, 201p In a study of two Norwegian glaciers with underlying robustness of the di erent survey designs.
mass-balance records exceeding 40 yedrsimsley (2015)
also identi ed shortcomings in the CL design, in that cases 3, Differences Between Glaciers
leading to systematic underestimation of winter balamzthier Results for Glacier 4 are often dierent than for Glaciers 2
et al. (2010)hypothesised that extrapolation from centreline gng 13: (1) G4 has the highest target RMSE for the real data
repeat-altimetry pro les can lead to overestimation of re®b (0 15mw.e.Figure 4); (2) errors in estimating botl, and
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FIGURE 8 | Ranking of survey designs from 1 to 6 (best to worst, left to ght)
using synthetic data (based onVicGrath et al., 2015) for (A) low N (10-15
sampling locations),(B) wide range of N (6—-45 sampling locations), andC)
high N (35-40 sampling locations). Rankings are based on RMSE faxy
across the ablation area for a given survey design averagedver the speci ed
range of N. Results are shown for Glaciers 4, 2, 13 individually (G4, G#13),
together (ALL) and for Glaciers 2 and 13 combined (G2 & G13)rém left to
right in top row, symbols represent CR, HC, HG, RN, CT, CL.

By with the synthetic data are the lowest for G4 of all glaciers
(Figures 7 9); (3) By evaluated across the ablation area is the
same as that evaluated glacier wide (0.59 mw.e.) for G4;(4) C
ranks as the best design for G4 for all rangeld ébr the real data
(Figure 5); (5) G4 is the only glacier for which HG is not ranked
rst for the synthetic datafigure 8). The rst of these di erences
means that the winter-balance estimates for G4 are lessatecu
Based strictly on our measurements, G4 had the highest mean
snow depth and the highest proportion of outlier®u(wicki

et al., 2018 The linear regression explains little of the variance
in the real data for G4 Rulwicki et al., 2018 with regression
coe cients often taking on signs opposite to those of coe cient
for G2 and G13RRulwicki, 201Y. Notably, elevation explains the
most variance in winter balance for G2 and G13, but almost
none of the variance for G4PUlwicki et al., 2018 While the

real data were demonstrably unrelated to topographic pararaeter
for G4 (Pulwicki et al., 2018 the synthetic data, which
are unambiguously a function of topography, require another
explanation. Compared to G2 and G13, G4 is small, spans
about half the elevation range, and has few steep slopesra nea
absence of positive surface curvature, and a lower accuiolat
area ratio (AAR). It is thus topographically distinct from G2
and G13 which may explain observations (4) and (5) above,
and in combination with G4's low AAR, observation (3). These
di erences highlight the value of including multiple glaciers i
this study.

5.4. Study Limitations and Wider

Implications

The dataset we exploited for this study was not collected with
an interrogation of optimal design in mind, and thus imposes
signi cant limitations. The most glaring among them is the
omission of the accumulation area, which was vastly under-
sampled Pulwicki et al., 2018 Reliablein-situ measurements

of snow depth in the accumulation area are time-consuming,
as detection of the snow-—rn interface by probing can be
dicult (e.g., Dstrem and Brugman, 199land must often

be replaced by the excavation of snow pits. Such limitations
can be overcome with alternative methods of measuring snow
depth, such as ground-penetrating radar (GPR) (é/gchguth

et al., 2006; Gusmeroli et al., 2014; McGrath et al., 2018) 20
and repeat lidar surveys (e.@gpld et al., 2013 Nevertheless,
limitations will always remain that will introduce sampling
bias. Ground-based measurements will undersample areés tha
are di cult to navigate or unsafe (e.g., icefalls), while reta
methods are subject to other limitations such as xed orbits,
restricted aircraft heights or ight patterns and incomplete
sensor viewsheds.

Even in the presence of sparse measurements in the
accumulation area, we are often tasked with estimating the
glacier-wide winter balance. RMSEs increase when winter-
balance data from the ablation area are extrapolated into the
accumulation area, even in the idealised case of synthetic
data where the relationship between topography and winter
balance is the same in the ablation and accumulation areas.
Other studies have observed accumulation to increase teesom
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FIGURE 9 | Ablation-area-wide(A) and glacier-wide (B) winter balance By estimated using synthetic data (based orMcGrath et al., 2015) in a linear topographic
regression for various survey designs (columns) and sampzesN (x-axes) for Glacier 4 (top rows), Glacier 2 (middle rows) diGlacier 13 (bottom rows). Insets
show example sampling con gurations. Bold coloured lines & mean values of 200 estimates oBy from each of the 200 synthetic winter-balance elds using
different con gurations of irregularly spaced synthetic smples (40,000 model ts); values are given foN D 10. Light shading indicates the standard deviation arising
from the 40,000 ts. Dark shading indicates the standard devation arising from the 200 different winter-balance elds. ldrizontal dashed lines are the true values of
Bw. Dotted lines are mean values oBy from estimates of each of the 200 synthetic winter-balance &ls using quasi-regularly spaced synthetic samples.

elevation below the maximum elevation of the glacier andegit investigate the problem of optimal survey design for estinmati
decreases or exhibit no relationship thereaftéiaChguth et al., winter balance with a focus on the ablation area. We consider
2006; Helfricht et al., 2012; Sold et al., 201Bo evaluate six survey designs and the full range of sample sizes permitted
the consequences of spatially variable relationships betweby our methodology and dataset. Quantitative criteria \allos
winter balance and topographic variables would require a mor& rank each design by performance for each glacier using real-
complete dataset with good coverage of the accumulation areand synthetic data. Mean RMSE between estimated and observed
Though less grievous than the spatial limitations of our datawinter-balance eldsh,, declines rapidly, over all designs, for
our work is also limited by the data being restricted to asamplessizesuptd 10-15, with little improvement thereafter.
single accumulation season. Inter-annual variability imow  This decline occurs at even low& for the specic winter
distribution has been observed (e.Grochet et al., 2007 but  balanceB,. For a given survey design, RMSE is generally
numerous studies document a spatial stationarity that can bund to be lower when samples are more regularly spaced.
exploited once it is characterised (e.gelto, 2000; Sturm and For both real- and synthetic data, the traditional centneli
Wagner, 2010; McGrath et al., 2018 nal limitation imposed  pro le performed poorly, even in cases where elevation is
by our original dataset is the xed nature of the samplingthe dominant topographic control on winter balance. An
locations. Our data do not permit us to answer questions suchinconventional design termed the “hourglass” performed best
as: What is the optimal placement of a given survey design (e.g@verall; survey designs that sample the glacier margins even at
CR)? Are fewer large CR/HG/HC better than a greater numbelow N were favoured by both the real and synthetic data. Whether
of small ones? Does a regular grid Mf samples outperform our results are generalisable depends on their robustness to
the tested designs witN samples? What is the global optimum di erent glacier hypsometries, climate settings, terrain rabd
survey design? Such questions represent worthwhile réseanesolutions, methods of interpolation/extrapolation ancdhier-
directions, ideally pursued with a more complete dataset. balance sampling schemes that include the accumulation area.
Despite these limitations, our analysis suggests that sagpliwhile our study is most limited by the dearth of data from the
away from the centreline is usually important, even in theaccumulation area, it does provide a methodological template
ablation area and even in cases where elevation is the dominahat can be applied to existing datasets to evaluate survéynjes
topographic control on winter balance. Any plausible alteiveat or to new sites where digital terrain models exist but masariezg
design will capture variation with elevation at the same timehas not yet been measured.
it captures variation with other topographic parameters such

as slope and curvature. O -centreline sampling likely become
more important in the accumulation area, where the relatiups E)ATA AVAILABILITY

between winter balance and elevation in the ablation aregt Mar,o yatasets analysed in this study can be downloaded from

break down. A space- lling hourglass might be a reasonablgs. /github.com/apulwicki/SnowDepth/tree/Density/Raw
design to attempt in the accumulation area if little is knovboat %20Data.

the structure of the winter-balance eld. Our analysis shows

that although RMSEs decline sharply at Idw(< 15) when

averaged over hundreds of realisations of a given survagnjes AUTHOR CONTRIBUTIONS

any individual survey may require a much largerto reliably

achieve the same error reduction. We have also documentéf® Planned and executed the data collection, developed the
di erences among glaciers within the same small mountair£©de, carried out all simulations and preliminary analysesde
range subject to the same synoptic weather patterns, cangoni the gures and wrote an initial draft of the manuscript. GF
against extrapolation of topographic relationships betwetsssi conceived of the study based on discussions and collaborati
In establishing a new mass-balance program it would be wisith DB, contributed to eld planning and data collection,
to invest initially in dense spatial sampling to determine theoVersaw all aspects of the research, interpreted the resods, a
structure of the winter-balance eld (e.g/an Beusekom et al., févised the manuscript. DB consulted on the statistical method
2010, with the expectation thal could be substantially reduced and interpretation of results, and edited the submitted dreft
over time (e.g.Pelto, 200p the manuscript.
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