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Abstract. This study presents a new method to derive cen-1 Introduction

terlines for the main branches and major tributaries of a set

of glaciers, requiring glacier outlines and a digital eleva- Glacier centerlines are a crucial input for many glaciolog-
tion model (DEM) as input. The method relies on a “cost ical applications. For example, centerlines are important
grid—least-cost route approach” that comprises three maifor determining glacier length changes over tinheglercq
steps. First, termini and heads are identified for every glacierét al, 2012 Nuth et al, 2013, analyzing velocity fields
Second, centerlines are derived by calculating the least-codHeid and Kaap2012 Melkonian et al. 2013, estimating
route on a previously established cost grid. Third, the cenglacier volumesl(i et al., 2012 Linsbauer et a).2012, and
terlines are split into branches and a branch order is alloone-dimensional modeling of glacier®¢rlemans1997a
cated. Application to 21 720 glaciers in Alaska and northwestSugiyama et aJ.2007). Also, glacier length, derived from
Canada (Yukon, British Columbia) yields 41 860 centerlines.centerlines, is an important parameter for glacier inventories
The algorithm performs robustly, requiring no manual ad- (Paul et al.2009.

justments for 87.8 % of the glaciers. Manual adjustments are S0 far, most of the above applications have relied on labor-
required primarily to correct the locations of glacier headsintensive manual digitization of centerlines. The few studies
(7.0% corrected) and termini (3.5% corrected). With cor- that derive centerlines fully automatically use a hydrologi-
rected heads and termini, only 1.4 % of the derived centercal approach and/or derive only one centerline per glacier
lines need edits. A comparison of the lengths from a hydro-(Schiefer et al.2008 Le Bris and Payl2013. Here, we
logical approach to the lengths from our longest centerlinespPresent a new algorithm that allows for deriving multiple
reveals considerable variation. Although the average lengti¢enterlines per glacier based on a digital elevation model
ratio is close to unity, only~ 50 % of the 21 720 glaciers have (DEM) and outlines of individual glaciers. Moreover, this
the two lengths within 10 % of each other. A second compar-algorithm splits the centerlines into branches and classifies
ison shows that our centerline lengths between lowest anghem according to a geometry order. The approach is tested
highest glacier elevations compare well to our longest cen©on all glaciers in Alaska and adjacent Canada with an area
terline lengths. For 70 % of the 4350 glaciers with two or > 0.1kn?, corresponding to 21720 out of 26 950 glaciers.
more branches, the two lengths are within 5% of each otherWe carry out a quality analysis by visual inspection of the
Our final product can be used for calculating glacier length,centerlines, and compare the derived lengths to the lengths
conducting length change analyses, topological analyses, dibtained from alternative approaches.

flowline modeling.
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2 Previous work glacier inventory Arendt et al, 2013, we extract all glaciers
with a minimal area threshold of 0.1 kn?, thus eliminating
The automatic derivation of glacier centerlines and the resultsmall glacierets and possible perennial snowfields. This re-
ing glacier length is challengind@ul et al. 2009 Le Bris  sults in 21 720 glaciers with 86 400 Knof ice total, which
and Paul 2013. Consequently, only few automated ap- accounts for more than 99 % of the area of the complete
proaches have been proposed so &ehjefer et al.2008 Alaska inventory.
Le Bris and Payl2013 and often centerlines have been dig-  The Alaska glacier inventory comprises glacier outlines
itized manually even for large-scale studies (eBurgess  derived from satellite imagery taken betweer2000 and
et al, 2013h. 2012. The outlines used herein either stem from manual dig-
In their large-scale studchiefer et al(2008 applied an  itization at the University of Alaska Fairbanks or from auto-
automated approach to all British Columbia glaciers that ismated band ratioing followed by visual quality checks and
based on hydrology tools. For each glacier, this approach demanual correctionsBolch et al, 201Q Le Bris et al, 2011,
rives one line that represents the maximum flow path that wafig. 1a).
ter would take over the glacier surfa@chiefer et al(2008 Four DEM products are combined to create a contin-
find that these lengths are 10-15% longer than distanceaous 60 m DEM consistent with the time span covered
measured along actual centerlines. Because lower glacier aby the glacier outlines (Figlb). South of 60N, we rely
eas (- ablation areas) are typically convex in cross section,on the Shuttle Radar Topography Mission (SRTM) DEM
their flow paths are deflected toward the glacier margins,(http://wwwz2.jpl.nasa.gov/srtiast access: 25 July 2013),
which leads to length measurements that are systematicalljaken in February 2000F@arr et al, 2007). Over Alaska,
too long in these cases. While systematically biased lengthshe SRTM DEM has a native spatial resolution of 30 m,
in a glacier inventory can be corrected for, the actual lineswhile the resolution is 90 m over Canada. North of B
need major manual corrections before they can be used iwe use a high-quality DEM derived from airborne interfer-
glaciological applications such as flowline modeling. There-ometric synthetic aperture radar (IFSAR) data obtained in
fore, Paul et al.(2009 suggest the use of the above au- 2010 (Geographic Information Network of Alaska, GINA;
tomated algorithm in the concave (i.e., higher) part of thehttp://ifsar.gina.alaska.edlast access: 25 July 2013). For
glacier, combined with manual digitization in the convex areas not covered by the IFSAR DEM, we use DEMs de-
(lower) part of the glacier. rived from data from the high-resolution stereo (HRS) imag-
Le Bris and Pau(2013 present an alternative method for ing instrument onboard the Systéme Pour I'Observation de la
calculating glacier centerlines based on a so-called “glaciefTerre (SPOT) satellite taken within the scope of the SPIRIT
axis” concept, which derives one centerline per glacier be-program (time span 2007-200Bprona et al. 2009 and
tween the highest and the lowest glacier elevatlanBris  the Advanced Spaceborne Thermal Emission and Reflection
and Pau(2013 first establish a line (the “axis”) between the Radiometer (ASTER) instrument onboard the Terra satellite
highest and the lowest glacier point, which is then used to/ASTER GDEMZ2, time span 2000—201Tachikawa et a.
compute center points for the glacier branches. These cerr011; http://asterweb.jpl.nasa.gov/gdelast access: 25 July
ter points are connected, starting from the the highest glaciep013). The individual DEM tiles are merged into one data set
elevation and following certain rules (e.g., “always go down- giving priority to the highest-quality DEM available for each
ward”, “do not cross outlines”). Smoothing of the resulting area. While the used DEMs represent roughly the same time
curve leads to the final centerline. The algorithm is appli- span, the goals and scopes of the individual campaigns are
cable to most glacier geometries, yielding results similar todifferent, which becomes apparent in the contrasting quality
manual approachet¢ Bris and Payl2013. A limitation of ~ of the DEMs. For example, the GDEM has nearly global cov-
their approach is the fact that the derived centerline betweemrage, but limited quality, while the IFSAR DEM is of high
the highest and lowest glacier elevation does not necessatuality, but only available for parts of Alaska.
ily represent the longest glacier centerline or the centerline
of the main branch, both of which are frequently required in
glaciological applications. For example, for glacier invento- 4 Method
ries, it is recommended to measure glacier length along the
longest centerline, or, alternatively, to average the lengths oDur goal is to design an algorithm that (1) creates centerlines
all glacier branchedRaul et al. 2009. for the main glacier branches as well as major tributaries,
(2) yields a quality comparable to a manual approach, and
(3) requires minimal data and manual intervention. It would
3 Test site and data be desirable to derive centerlines that represent actual flow-
lines (i.e., ice trajectories); however, this would require co-
Our algorithm is tested on glaciers located in Alaska and adherent velocity fields without gaps. While corresponding al-
jacent Canada (Figla). For brevity, we hereafter refer to gorithms are applied for single glaciers (eldcNabb et al.
these glaciers as Alaska glaciers. From the complete Alask2012), stringent velocity data requirements make large-scale
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Fig. 1. The study area comprising glaciers of Alaska and adjacent Cate)dBhe three main outline sources marked in col¢p3.The
DEM products used within the study.

applications difficult. Here, we aim at obtaining centerlines outline. We aim to derive one terminus per glacier and one
that are close to flowlines by only using glacier outlines and ahead for each major glacier branch. The centerlines eventu-
DEM as input. Such centerlines differ from flowlines mostly ally run from each glacier head to the terminus.
in areas where centerlines from different glacier branches
converge. Actual flowlines would not converge completely, 4.1.1  Glacier terminus
but run side by side to the glacier terminus, as illustrated, _ - ) ) )
for example, byFarinotti et al(2009. Although not entirely A natural way of identifying the glacier terminus is by ex-
consistent with real flowlines, centerlines are used for model{racting the lowest glacier cell (e.g.¢ Bris and Payl2013.
ing purposes (e.gQerlemans1997h Leclercq etal.2012. 10 better constrain our lowest point to the actual terminus,
They can also be used for applications that generally havave apply the corresponding query on a low-pass filtered
lower requirements than does modeling (e.g., determining@nd “filled” DEM. “Filling” refers to removing depressions
length changes, deriving glacier length for inventories). ~ Within the DEM that could hamper the identification of the
Here, we apply a method that we call a “cost grid—least-aCtual gla_mer terminus. In this me_thod, f||_||ng and_ f||ter|ng
cost route approach”. The workflow consists of three main@ré most important for large receding glaciers, which end in
steps that are implemented using the Pythgmogramming fla_lt terrain and are gene_rally characterized by a rough surface
language and ESRIs arcpy module. The first step com- With numerous depressions. _ _
prises the identification of glacier termini and glacier heads. Figure2 shows the glacier terminus as automatically ob-
The second step encompasses the calculation of a cost grig_qmed for Gll_key Glacier, an outlet glacier of the Juneau Ice-
followed by determining and optimizing the least-cost route fiéld located in southeast Alaska.
to derive the glacier centerlines. In the third step, these cen- )
terlines are split into branches and a geometry order is intro-4'1'2 Glacier heads
duced. Because the three steps are associated with di1’“feregtmce we aim to derive centerlines of all maior alacier
uncertainties, we have separate modules for each step of trl?ranches we need to identify heads for eacj:h OC“:C these
algorithm. ' . : .
branches. A three-step procedure is adopted to identify these
heads (Fig3). First we identify local elevation maxima along
4.1 Step 1 - Identification of glacier heads and termini  the glacier outlines. Our algorithm samples the 60 m DEM in
predefined steps (100 m) along the glacier outline, including
In the first step, we identify glacier heads and termini by nunataks. The 100 m sampling distance precludes repetitive
applying a search algorithm based on the DEM and glaciesampling of the same DEM cell. Each sampled elevation is
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Fig. 2. Automatically derived glacier heads (red crosses) and ter-
minus (blue square) on Gilkey Glacier, Juneau Icefield, southeast
Alaska. The 50m contours and the shaded-relief background are
derived from the SRTM DEM. XJ

B J - A

Fig. 3. Three-step procedure to identify the heads of major glacier
then compared to its neighboring points along the outline. Abranches(a) Identification of local maxima along the glacier out-
possible glacier head is identified if the local point is higher line by comparing each point to its five neighbors in each direction.
than its neighbors (five neighbors in each direction, B&. (b) Histogram of the elevation distribution of all sampled points
and if the point is higher than the lowest one-third of the along the glacier outline. Only points above the elevation thresh-
elevation distribution of all the sampled points of the cor- old are retained(c, d) Glacier area covered by circle with radius
responding glacier (Figdb). We apply the second criterion around identified head A; heads A and B are separated by less than

. : . . . r.In case(c), head B (with lower elevation than head A) is elimi-
since glacier heads are typically located at higher elevations

We al tt id o terli tol Vi . nhated. In cas@), both heads are retained because the ice-free ridge
€ alSo want to avold assigning centeriines to low-lying mi- completely separates the two heads (i.e., splits the circle into two

nor t_ributarie_s. ) ] ) disconnected parts).
Given the irregular shapes of typical glacier outlines, the

workflow above can result in multiple heads per glacier
branch. To remove multiple heads per branch, we introduceylacier elevation as the glacier head. In the case of Gilkey
a minimum linear distance (m) that the derived heads must Glacier, 77 heads are identified (FB).
be apart. Since larger glaciers tend to have wider basins, we
definer as a function of glacier are&(m?): 4.2 Step 2 — Establishment of cost grid and
determination of least-cost route
r={" S+42 : = Imax . (1) This step establishes a cost or penalty grid (here used as syn-
Tmax - I > Tmax onyms) with high values at the glacier edge and in upper
reaches of the glacier. The penalty values decrease towards

q1, g2 andrmax are constants given in Tableconstraining”  the glacier center as well as towards lower elevations. The
to values between 500 and 1000 m. In case one or more heags,st-cost route from a glacier head to the glacier terminus

are withir_n», we only retain the highest hegd and erase a"yields the centerline.
others (Fig3c). If two heads are apart by a distance less than
r but separated by ice-free terrain, both heads are retained.2.1 Cost/penalty grid and route cost
Ice-free terrain is identified if the circle defined bysplits
the glacierized area into two or more parts (Fd). First, we create a penalty grid with 10xn10 m cell size ac-
In case no head is identified using the above steps, whicltording to Eq. 2). We choose this small cell size to obtain a
can be the case for small glaciers, we identify the highestetailed representation of the glacier outlines in the gridded
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Table 1.Used parameter values and units. used to calibrate the initiat and b exponents. As we ap-

plied an unnormalized version of Eq)(to calibratea and

Symbol Value Unit  Equation b, that is, p; = (max(d) — d;))* + (z; —min(z))?, f1 (1000,

0 2%x106 m-L 1 ~ equivalent to_ mag)calip.) and f> (3000,~equivalept_t_o

. 500 m 1 ma_x(z)canb, —Min(z)calib.) are necessary to use these initially

Fmax 1000 m 1 calibratedz andb values in the normalized EcR)

f1 1000 _ 2 To obtain plausible centerlines, a strong increase in the

f 3000 - 2 penalty values is required close to the glacier boundary and

a 4.25 - 2 at higher glacier elevations. High Euclidean distance-induced

b 35-40% - 2 penalty values at the glacier boundary are crucial to prevent

ui 2x106 m1 4 centerlines from reaching too close to the glacier edge, which

u 200 m 4 would not match their expected course. A strong elevation-

Imax 400 m 4 induced penalty gradient at higher glacier altitudes is impor-

1 0.1 - 7 tant to ensure that centerlines choose the correct branch from

/:2 0.01 /3 7 the start. By using: andb as exponents and not as coeffi-

/3 0.7 6 1 ! cients, we do obtain the highest penalty gradients close to

w1 1x 10 m 8 the glacier edges and at high glacier elevations.

wo 150 m 8 . - . ) .

Krmax 650 m 3 Figure 4a shows the initial cost grid obtained for Gilkey

Glacier. The first part of Eq2j is dominating (penalties de-
* Derived from optimization (Sect.2.3. crease strongly towards the branch centers), while the second
part of the equation has a lower effect.

Using the cost grid obtained from ER)( we calculate

map. A larger cell size would vyiel rser glacier gri : :
ap. A farger cefl size wou d yield a coarser glacier grid the least-cost route from each head to the glacier terminus,
omitting small-scale features such as small nunataks. The

penalty valuep; of each grid celf within the glacier is com- which corresponds to the path with the minimum route cost.
puted by ! The route cost is defined by the sum of the penalty values

pi between the glacier head and the terminus,
maxd) —d; _\* zi —Min(z) b
P = —_— _— s 2
P ( max(d) fl) - (maX(z) —minz) f2> @)

Pis 3

i
Y

Il
N

1

whered; is the Euclidean distance from céllto the clos-
est glacier edge ang is the cell's elevation. max) is the  wherel! is the total number of cells crossed from the glacier
glacier's maximum Euclidean distance from any point to its head to the glacier terminus. The path with the loweastnot
closest edge, and m@y and min(z) are the glacier's maxi- necessarily the shortest path (mininialbecause the penalty
mum and minimum elevation. The coefficientsand f> and  valuesp; are not constant. For example, given a meander-
the exponents andb are given in Tabld. ing glacier, the shortest route is expensive, because it crosses
The first term, "2 normalizesd; to the maximum  cells with very high penalty values at the edge of the glacier.
Euclidean distance found on the glacier, and leads to a Eutstead, it is cheapest to stay near the center of the glacier.
clidean penalty contribution that ranges between zero andhlthough this route crosses more cells (higligrthe result-
one (i.e., zero at the cell(s) with m@® and one along the ing sum of penalties is smaller as the penalty valygsdre
glacier edge). By multiplying the term witfy, we scale the  considerably smaller near the glacier center.
normalized values to a range between zero gndrhe sec- In a next step, we convert the above least-cost route, which
ond term,%‘%iﬂ(z), normalizes the elevation of each grid is obtained as a raster data set, to a vector format. We then
cell to the elevation range of the entire glacier, and yields anrsmooth the corresponding curve using a standard polyno-
elevation penalty contribution that is zero at the glacier termi-mial approximation with exponential kernel (PAEK) algo-
nus, where; = min(z), and one at the highest glacier point, rithm (Bodansky et a).2002. This algorithm calculates a
wherez = max(z). f> scales these values to a range betweensmoothed centerline by applying a weighted average on the
zero andf>. While the first term tends to force the least-cost vertices of a moving line subsegment. A longer subsegment
route to the glacier center, the second term tends to force iteads to more smoothing. We define the length of the subseg-
downslope. The exponengsandb control the weight each ment,/ (m), for every glacier individually, by
of these terms have. The normalization in E2).i6 imple-
mented to make the sameandb exponents better transfer- i L S+uz 11 <lmax 4)
able to glaciers of different size and geometry. Imax 2> lmax

f1 and f> scale the normalized values back to ac-
tual glacier dimensions. Both coefficients are derived fromwhereS is the glacier area in fn The constantsy, u» and
medium-sized glaciers located in the Alaska Range that weréyax are given in Tablel. [ is increased as a function of the
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Fig. 4. Selected penalty grids of Gilkey Glacier and corresponding centerlines, using a canstare of 4.25, but varying. (a) Initial cost
grid with » = 3.5. The penalty values strongly decrease towards the center of the branches. There is a subsidiary decline from higher to lower
elevations. The black circles indicate centerlines that take implausible routes with significant upsloi® fltve. penalty grid wittb = 3.7
(i.e., Ab =0.2). The initially wrong centerlines now take the correct routes; however, other centerlines have partially deviated from their

expected course&) b = 3.9 (Ab = 0.4).(d) b = 4.1 (Ab = 0.6). Many centerlines are cutting corners, especially in higher glacier reaches.
Ab is limited to a maximum of 0.5; thusvalues of 4.1 are not allowed during the optimization.

glacier area to account for the wider branches and the smootfor each centerline. Our approach is based on the following
course of the centerline typical for larger glaciers. considerations: if a narrow and a wide basin are connected
For simple glacier geometries, the first term alone inin their upper reaches, centerlines will typically flow through

Eq. (2) already creates plausible centerlines; however, forthe wide basin, because the penalty values are smaller in the
more complex geometries, the resulting centerlines carcenter of the wide basin compared to the center of the nar-
“flow” unreasonably upslope and choose a wrong route. Betow basin. This is illustrated in Figla, where wide basins
cause elevation (or slope) is neglected in the first term, théhave lower penalty values in the center than narrow basins.
centerlines stick to the glacier center regardless of the topog some cases, the centerlines may flow a significant distance
raphy. To remedy this problem, the elevation-dependent ternupslope and make a major detour to reach a wider basin, and
is essential in Eq.2). The elevation-dependent term also still have minimum route cost. In these cases, the low penalty
forms the basis for the optimization step introduced next.  values in the center of the wide basin overcompensate for the

additional penalties due to the detour. This implies that the
4.2.2 Optimization weight of the second term of Eg2)(is too low compared

to the weight of the first term. Incrementally increasing the
During the optimization we aim to find a combination®of  second term of Eq2j will eventually force the centerline to
andb values (Eq2) that provides the most plausible solution

The Cryosphere, 8, 503519 2014 www.the-cryosphere.net/8/503/2014/
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take a route that is shorter and typically characterized by les
upslope flow. Ideally, this is the correct centerline.

To obtain the initial centerlines, we applyandb values
of 4.25 and 3.5, respectively (Taklg as derived from tests
in the Alaska Range. During the optimization, we keep
constant and raisk in discrete steps, thereby increasing the
weight of the elevation-dependent term in E2). (

Not all centerlines require an optimization, and in case
centerlines require optimizatio, cannot be increased in-
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finitely, as this leads to a loss of the expected course of theFig. 5. Elevation profile along a glacier centerline illustrating the

centerline. Figurda illustrates this on Gilkey Glacier, where

definition of Azyp (total elevation increase, E§) andnyp (maxi-

most initial centerlines have plausible routes. Only the cen-mum number of samples with continuous elevation increaseg)eq.
terlines marked by circles have implausible routes with majorfor 7 = 3 sections.

upslope flow and thus need optimization. Figdbe-d show
that an increase df improves the lines in need of optimiza-
tion (i.e., the implausible centerlines circled in Fifa take
the correct route in Figlb), while it may diminish the quality

scenario. In such cases, we are less confident that the lines
are actually wrong as such patterns occur occasionally even

of the remaining centerlines due to the higher weight of theif the line follows the correct branch. For example, a C-2-like
elevation-dependent term, which forces centerlines to “cutpattern can be caused by blunders in the DEM, while a C-3-

corners” instead of sticking to the glacier center. Accord-
ingly, a criterion is needed to determine whether optimization

like pattern can occur along the centerlines of larger glaciers.
By using Eq. {) we allocate a lowet: to these possibly cor-

is necessary and, in case it is, to decide when to terminate theect cases than to cases where we are more certain that they

optimization. For this purpose, we sample the DEM along
each centerline and determine the total elevation increase i
meters Qzyp, Fig. 5) and the maximum number of samples

with continuously increasing elevation, Fig. 5) by

1
AZup = Z AZup,i (5)

i=1

(6)

wherel is the total number of individual centerline sections
with upslope flow.Azyp andnyp are then used to compute
the thresholdn:

nyp = MaXnyp;),

(7)

where j1, j2 and j3 are parameters given in Table Func-
tion type and parameters in EQ) @re empirically chosen so
thatm yields the upper limit ofAb, the latter defined as the
increase o relative to its initial value of 3.5. Beyonat,

m=ji-nup+j2- AZupjs,

are actually wrong (C-1).
n Tests indicate that many wrong centerlines shift to the cor-
rect branch within a\b of 0.5, that is, with & value between
3.5 and 4.0. Thus, we limit the maximumb (Abmax in
Fig. 6) to 0.5, no matter the thresholdderived from Eq. )
(i.e., no matter the magnitude of, and Azyp). Not obtain-
ing a better solution within &b of 0.5 may indicate wrong
divides (i.e., glaciers are not split correctly, and the center-
line has to flow over a divide) or problems with the DEM
(i.e., blunders within a large area that cannot be bypassed). A
narrow branch located next to a very wide branch may also
prevent a correct solution. Even if the algorithm found the
correct branch with &b value larger than 0.5, the resulting
line likely had an implausible shape due to the highalue
(Fig. 4d).

For our large-scale application, we raisdy increments
of 0.1 per iteration (Fig6), thus reachingAbmax with five
iterations. Smaller increments do not considerably improve
the results, but increase the computing time. Flgshows
a typical example of the progression &ty during the op-

solutions are no longer expected to improve and thus are ndimization, in the case of there being a better branch option:

computed during the optimizatiosb, and hence, are in-
crementally raised untihb equals or exceeds, at which
point the optimization terminates. Figufeillustrates this
workflow.

Equation {) mimics our concept of having a high (and
thus a highb) if a large nyp coincides with a highAzyp
(“worst case”, e.g., C-1 in Figra), as this is a very strong
indicator for a wrong course of the preliminary centerline. If
bothnyp andAzyp are zerom is also zero as we assume that
the centerline follows the correct branch. If a highyp oc-
curs in conjunction with a lowetp or vice versa (e.g., C-2
and C-3in Fig.7a),m is reduced compared to the worst-case

www.the-cryosphere.net/8/503/2014/

Azyp remains high during the first three iterations because
the centerline keeps following the wrong branch. In iteration
four (i.e., with Ab = 0.4), the centerline shifts to the correct
branch and\zyp decreases greatly. This dropAp is typ-
ically associated with a drop imyp (not shown in Fig.7b),
which results in a lowet: according to Eq.%). In this exam-
ple, m falls below Ab, and thus the optimization terminates
automatically as soon as the centerline shifts to the correct
branch. Iteration five is omitted, which reduces the comput-
ing time.

To obtainAzyp andnyp, we sample the DEM only along
the uppermost 25 % of the centerlines’ length. Centerlines
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Compute m:
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Nyp
, Fig. 7. (@) The threshold: (colored surface and contours) as a func-
Increase b: N v Select best solution . fth b f | ith . | . .
Ab— Ab+ 0.1 o es from calculated tion of the number of samples with continuous elevation increase,

b= by + Ab centerlines (see text) nyp, and the total elevation increastzyp. C-1 exemplifies a case
with both highnyp and Azyp (“worst case”), while C-2 and C-3
mark cases with a high value for one of the parameters and a low

value for the other(b) Typical progression oA zyp during the opti-
mization procedureAbd is raised by increments of 0.1 per iteration.

Fig. 6. Flow chart illustrating the optimization steps, including im-
portant equations and parameter values. Rectangles show the main Figure 8a (corresponding to Figda) shows the prelimi-
operations, while diamonds represent decisions. nary set of centerlines as derived for Gilkey Glacier, while
Fig. 8b shows the optimized set of glacier centerlines. The
three red circles indicate implausible centerlines with signif-
most often take the wrong route (i.e., flow upslope) in this up-icant upslope flow that are successfully adapted during the
permost glacier section, where the different glacier branchegptimization step. The orange circle shows an implausible
tend to be interconnected. The same is very unlikely in thecenterline that is not improved because there is no upslope
lowermost glacier part, as there is typically only one branchflow in this case (the optimization does not respond because
left. Even if more than one branch is left, these branchesAZup andnyp are zero). In Fig8b, the blue bold numbers in-
are generally separated by ice-free terrain that cannot beicate which iterative solution is chosen as the best solution.
crossed by centerlines. Moreover, upslope flow in the upperin 55 cases, this is the initial solution “0” (i.e., usihg= 3.5)
most glacier part is clearer evidence of a wrong route tharor solution “1” (b = 3.6); in 22 cases, higher-order solutions
upslope flow in lower parts, where the surface may be morg3.7 < » < 4.0) are picked.
irregular, for example, due to varying debris coverage. In-  The derived centerlines reach all the way from the glacier
cluding lower glacier parts could lead to largeyp andnyp ~ heads to the glacier termini. If two or more branches con-
values although the centerline takes the correct route. verge, lines start to overlap. As the optimization step can re-
The optimization results in a data set that contains onesult in differentd values for each individual centerline, the
centerline per glacier head and iteration. As the last soluderived centerlines do not necessarily overlap perfectly. The

tion from the optimization is not necessarily the best one,green circle in Fig8b shows an example of imperfect overlap
a strategy is needed to select the best solution from the se the case of Gilkey Glacier.

of centerlines. We choose the solution that has the smallest

nyp- If two or more solutions have the samegp, we order 4.3 Step 3 — Derivation of branches and branch order
them according ta\ zyp and choose the one with the smallest

Azyp. Ifthis d_oes not lead to a unique solution either, we takeThe yltimate goal of this step is to remove the overlapping
the one solution with the lowestb. sections of the centerlines and to arrive at individual branches
that are classified according to a geometric order. We keep
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Fig. 8. The main processing steps using the example of Gilkey Glacier, Juneau Icéf)elthe grey lines show the centerlines derived
without the optimization, using = 4.25 andb = 3.5 (Eqg. 2). Red and orange circles mark implausible centerlifigsCenterlines after

the optimization. The lines indicated by red circles are improved, while the line indicated by the orange circle remains unchanged. Blue
bold numbers show the final iterative solutions for selected centerlines (e.g., “3” means solution of iteration three\giieoraase of

0.1 per iteration. The green circle marks an area of imperfect overlap after optimization of the centerlines, which is due to the different
appliedb values.(c) Branches after splitting the centerlines. The width of the blue area illuskr&E 8). Overlapping parts (green circle)

are eliminated and short segments (belonging to the orange heads) are qljtB@nches after allocation of geometric order. The order
number indicates the number of first-order branches flowing into the corresponding branch.

the longest centerline that reaches from the head to the tean yield centerlines that do not overlap perfectly. Center-
minus. The remaining centerlines are trimmed so that theylines may run in parallel in the same branch before they
reach from their head to the next-larger branch. If a timmedconverge, or they may diverge again, after having converged
centerline falls below a length threshold, it is deleted. higher on the glaciek, defined according to Eg8), allows
for eliminating such cases of imperfect overlap:
4.3.1 Branches
w1 -S+wz k=< kmax

kmax D k> kmax.

®)

We consider the longest centerline as the main branch, fol= —
lowing previous studiesBahr and Peckhaml996 Paul

et al, 2009. This main branch is exported into a separate The constantsi, w2 andkmax given in Tablel constrain

file. Then, from the initial file, we remove the main branch, k to values between 150 and 650 m. Larger glaciers tend to
including line segments within a distank€m) of the main  have wider branches, and parallel running centerlines in the
branch (Fig8c). We apply this minimum distandebecause = same branch may be farther apart. To account for this, we
different b values, employed during the optimization step, increase as a function of. k is not the actual branch width,
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but rather a minimum distance that is required to eliminateinstantaneously because its updated value is required for the
cases of imperfect overlap. next iterations.

The application ok may yield lines that are splitinto mul- Figure8d shows the result for Gilkey Glacier. The “53” of
tiple parts (one segment from the head to the first converthe main branch indicates that 53 first-order branches con-
gence point, the second segment from the first to the seconderge to make up the main branch.
convergence point, etc.). As the segment from the first con-
vergence point to the terminus is already covered by the maid.4  Quality analysis and manual adjustments
branch, we keep only the one segment in contact with the
glacier head and remove all the other segments. The quality analysis consists of a visual check, conducted

The step above is applied iteratively to the longest centerthroughout the domain by evaluating the derived center-
line of the updated initial file until either the number of re- lines in conjunction with contours (50 m contour spacing),
maining centerlines reaches zero or their length falls below ashaded-relief DEMs, and satellite imagery (mostly Landsat).
certain length. As a length threshold, we reapptiefinedin A 25km x 25 km grid, covering the entire study area, is used
Eq. (1), designating lines shorter than the threshold as noisdor guidance and keeping track of checked regions. We as-
rather than branches. In cases wheweould remove all cen-  sess visually whether heads and termini are located correctly.
terlines (which may occur for small glaciers), Ed) {s not For the termini, this means approximately at the center of the
applied. Instead, adopts the length of the longest centerline. tongue; for the heads, at the beginning of a branch. The actual

Merging of the identified individual branches yields the fi- centerlines should flow roughly orthogonal to contour lines
nal set of branches. In the case of Gilkey Glacier, 53 brancheand parallel to medial moraines.
are obtained; 24 out of 77 lines are omitted because their Glacier termini are manually moved to the center of the
length is belowr. In Fig. 8c, the heads of omitted branches tongues, and glacier heads are added, deleted or moved as
are marked in orange. The green circle in FHg.shows an  needed. To determine the number of moved termini, we com-
area of initially imperfect overlap after employment of step 3. pare the coordinates of the initial, automatically derived ter-
mini to the coordinates of the checked termini and sum the
number of cases with changed coordinates. A similar analy-
sis allows us to distinguish and quantify the two categories
“added” and “deleted” heads.

The above step yields a set of branches for every glacier and Instead of editing the actual centerlines manually, we es-
also establishes a branch order using the branch length astablish a new set of lines that we call “breaklines”. The idea
criterion: while the longest branch is the main branch (high-is to treat these breaklines like nunataks upon rerunning of
est order), the shortest branch is the lowest-order branchstep 2 of our workflow. This implies that centerlines may
Next, we evaluate the number of side branches that connot cross breaklines; moreover, breaklines change the de-
tribute to each individual branch. In this case, the branchrived penalty raster. Such an approach allows for efficient
order increases with the number of contributing branchescorrection of wrong centerlines. For example, it is useful to
This results in main branches that have the highest numadapt a centerline that did not shift into the correct branch
bers allocated. The numbers decrease as the branches fodespite the optimization procedure. A simple breakline that
into smaller branches. “1” stands for the lowest-order branchplocks access to the wrong branch is sufficient to reroute the
meaning that there are no other branches flowing into thisnrong centerline, which is much faster than manually editing
corresponding branch. The applied branch order is derivedhe actual centerline. In the context of the quality analysis,
from the stream order proposed $treve(1966 and gives  counting the number of set breaklines allows for quantifying
some first-order information about the branch topology of thewrong centerlines.

glacier. To obtain the final set of centerlines, steps 2 and 3 of the

The implementation consists of a proximity analysis thatworkflow are repeated using the adapted heads, termini and
is iteratively applied to each individual branch. We start by breaklines as input, without changing any of the remaining
allocating an order of one (lowest order) to every branch.input data or parameters. To allow breaklines as an additional
Next, we iterate through the branches in the order of increasinput, an adapted version of the code of step 2 is run.
ing length and flag the branches that are within a distance
of k (Eqg. 8) from the one branch selected at that iteration 4.5 Comparison to alternative methods
step (the reference branch). The proximity analysis is applied
only within the glacierized terrain. That is, a branch sepa-To identify differences between alternative methods, it would
rated by ice-free terrain is not flagged unless the distance ibe ideal to compare the actual centerline shapes. However,
less thank at a point without ice-free terrain between the quantitatively assessing shape agreement is challenging, es-
branch and the reference branch. By summing the individpecially for a large number of glaciers. Here, we use the
ual orders of the flagged branches, we arrive at the true orddength as a proxy for agreement and carry out two compar-
of the selected reference branch. This true order is updatesons. First, we compare the glacier lengths derived from

4.3.2 Branch order
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a hydrological approach to the lengths derived from ourTable 2. Manual changes attributed to individual error categories.
longest centerlines. To obtain the hydrological lengths, wePercentages are relative to the total of each category (e.g., deleted
run the tool “Flow Length” from the ESRIArcGIS software  heads vs. total heads).

package, which is similar to the tool applied 8ghiefer et al.

(2008. While this tool yields a length parameter for every Category Number %
glacier, it does not output an actual line that can be checked Termini 21720
visually. Moved termini 770 35
In the second comparison, we evaluate agreement between
. . . Heads 41860
our longest centerlines and our centerlines between highest
. . . . . Deleted heads 1850 4.4
and lowest glacier elevations. This comparison yields appar- Added heads 1070 2.6
ent length differences that would occur by applying an ap- : :
proach that considers only the highest glacier elevations as Centerlines 41860
heads (e.g., followinge Bris and Payl2013, rather than an Breaklines 580 14
algorithm that considers multiple heads. Unlike in the first Glaciers 21720
experiment, we do not compare two approaches that are fun- Glaciers with changes 2660 12.2

damentally different, but rather the same approach with one
different assumption regarding glacier heads. Thus, we ex-

pect better agreement in the second experiment. However, the algorithm has limitations, as shown by the

quality analysis. The main challenge is to automatically de-

rive glacier heads and termini, due to the large natural vari-
ability inherent in the glacier sample with respect to size,

For the 21720 glaciers with an area0.1kn?, we obtain s_hap(_a and hypsometry. The actual derivation of the center-
41860 centerlines, of which 8480 (20.3%) have a nonzerdiNes is less error-prone.

optimized iterative solution. The centerlines range in Iength6 11 Termini
between 0.1 and 195.7 km; the summed length is 87 460 km:" ™"

Mean glaciler length of OIL." Sample’ is derivedlfrom theWe use the lowest glacier points to automatically identify
respective longest centerlines, is 2.0km. A total of 4350glacier termini, which can lead to problems described in

glaciers (20.0%) have more than one branch, and the €O ¢ gyig and Pau(2013. Especially if glacier tongues reach
responding branch orders reach up to 340. FiguBhowS |, qiope terrain, which is typical for expanded-foot and
the final centerlines f(.)r the Delta R_aﬂge area of the EaSte"iBiedmont glaciers, the lowest glacier cell may not be located
Alaska Range and Fidl0 for the Stikine Icefield area, 10- j, yhe center of the glacier tongue but rather along the side of
cated in the Coast Mountains of southeast Alaska/northwes[nne glacier. This “pulls” the line away from the glacier center

Clangda. The Q'ac'e_r geon:letrles rangtTl f_rom Ialrge. outlel 4 leads to centerlines that are not realistic. Although this

9 aC|e|rs to medium-sized va eyfar;ld sma C|Irquhe glaciers. inconsistency only affects the immediate tongue area, it may
Table 2 gIves an Overview o t € manual changes Con-j iarfere with certain applications and thus requires a man-

ducted during the quality analysis. Of the 21720 glaciers, .o ghft of the terminus. In our study area, shifting of mis-

19060 (87.8%) require no manual intervention at all; ;64 termini accounts for a considerable number of cases
2660 glaciers (12.2%) need at least one manual '”tervenfequiring manual input (Tabl2). Currently, we do not have

tion within the three-step procedure. Most cases of manua(lJl reliable automatic approach to detect and adapt such mis-

intervention are required to adapt the automatically deriVEdclassified termini

glacier heads (1850 deleted, 1070 added) and termini (770 1, many glacierized areas, there are glaciers that drain into
moved), indicating that step 1 or 3 does not yield the ex-p, ,inje tongues. Our algorithm identifies the lowest point as
pected outcome in these instances. A total of 580 t_)reakl_mefne only terminus and therefore does not account for multiple
are used to adjust the course of the actual centerlines, indigymini. To address this problem, we have to manually split
cating that in these cases, step 2 does not yield the intendegloqe gjaciers into separate catchments (i.e., one catchment

result. per tongue), followed by treating the catchments like sepa-
rate glaciers. In Alaska and northwest Canada, only a hand-
ful of glaciers drain into multiple tongues; hence the amount

of manual intervention required is relatively small.

5 Results

6 Discussion
6.1 Algorithm

Despite its empirical nature, our approach yields plausible
results for a wide range of glacier sizes and shapes, provided
both good-quality DEMs and glacier outlines are available.
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145°30'W

Fig. 9. Derived centerlines for the Delta Range area. The white lines in gahalnd (b) show the centerlines overlaid on a Landsat 5
Thematic Mapper false-color composite (bands 7-4-2) from 10 August 2005 (scene LT50660162005222PAC00). Moraines are shown in
brown, snow and ice in light to dark blue. Pael shows the same centerlines, but with colors indicating the branch order. Branch orders
greater than one are labeled. The shaded-relief background is derived from the IFSAR DEM.
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Fig. 10. (a)Derived centerlines for glaciers in the Stikine Icefield area. The line colors indicate branch order. The shaded-relief background
is derived from the SRTM DEM. 50 m contours are shown as white lines. (nsshows a subarea with labels quantifying the branch orders
greater than one.
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6.1.2 Heads results. For example, it would be possible to use the same
values forf1 and f> upon recalibrating: andb, thus reduc-

By definition, our algorithm obtains exactly one point per ing the number of variables by one. Instead of exponentials,

local elevation maximum. The corresponding centerline cov-one could also attempt to obtain a cost grid using logarithms.

ers one branch; other branches that may originate from the

same area remain without centerlines. This is illustrated in6.1.4 Optimization

Fig. 8b, where not all branches have a centerline allocated. S ) )
Because our algorithm does not necessarily yield centerlined N€ Optimization is a crucial element of the cost grid—least-

for each individual glacier branch, additional heads may haveFOSt route approach and works robustly in general. We iden-
to be set manually, often combined with breaklines (requirediy three cases where the optimization either fails or does not
to prevent centerlines from clustered heads taking the samESPond atall. First, no optimization occurs if the line contin-
branch). In our test area, this constraint is responsible fotlously flows downslope, despite taking the wrong route (
most cases in the category “added heads” (TaplGlaciers N Eq. 7 is zero in these cases). Second, the algorithm does

that fork from one into multiple branches, such as glaciers orf’0t Optimize if the upslope flow occurs below the upper 25%
volcanoes, are most susceptible to the problem. of the centerline’s lengthz,p andnyp are only determined

We further prescribe that centerlines must run from theirWithin the first 259). Anm that is not high enough (despite
head to the terminus. While this is appropriate for manydetecte_d _ups_lope flpw)_ls_apotentla_ll third cause for failure of
glacier geometries, it may not be the case for hanging OIFhe_o_ptlm|zat|on. It is difficult to attribute wrong branc_hes to
apron glaciers. For example, the minimum point of a Sma“,lndlwdual cases; however, we hypothesize that the first case

wide apron glacier may be on one side, while a local maxi-c2uses the largest number of errors.

mum may be on the other side of the glacier. This resultsina | € presented optimization is the result of experimenting

centerline that runs almost parallel to the contours, yieldingith different optimization approaches and break criteria. In-
tuitive break criteria such as “optimize untz,p andnyp

a maximum length that is too long. In such cases, manual in- < >
tervention is required to remove implausible head—terminu£aua! zero” or “optimize until improvement @fzyp andnup
combinations. In our test area, this problem is responsible fofduals zero” do not work reliably due to the large variability
the bulk of corrections with regard to deleted heads (Taple Inherent in the glacier sample. For example, a solution may
By applying a higher minimum glacier area threshold (e.g.,d€cline temporarily (resulting in highexzyp or nyp) before

1 kn instead of 0.1 ki), the amount of manual corrections itimproves again to finally yield the best solution. Iteratively

could be reduced, as the challenging glacier geometries teng@lculating all the solutions according to Eq) @nd then
to have small areas. choosing the best solution out of this set of centerlines gen-

erally is most successful.

6.1.3 Cost grid—least-cost route approach 6.1.5 Branches and geometry order

Our algorithm generally yields plausible centerlines if we de- the proposed approach to derive branches from centerlines
rive the routes from cost grids established witndb values \yqrs satisfactorily in most cases: however, we rely on var-

of 4.25 and 3.5, respectively (EB). The Euclidean distance o5 simplifications. For example, E®)(defines a constant
term controls this initial cost grid, reflecting our assumption ;. tor each glacier, which is then used to split the centerlines
that the main flow occurs in the glacier center. If this as-jnq pranches. Ideally, would correspond to the actual local
sumption does not hold, the quality of the resulting center-p 5nch width and thus evolve along each individual branch.
lines may decline, although we consider elevation in BYJ. (' \while such a procedure is easily implementable for simple
and also conduct an optimization step. Lower-quality centery|acier geometries, it is difficult in areas with many inter-
lines are found, for example, on glaciers that drain very wide,.onnected branches, and thus not implemented here. Assum-
asymmetric basins. In contra_st, our quality analysis |nd|_cate§ng a constant is most problematic for very large glaciers,
that the approach works particularly v_veII for valley glaciers. \;nere the branch widths can vary from less than one to sev-
Alaska and northwest Canada comprise many outlet and vala 5 tens of kilometers. In conjunction with the constant min-
ley glaciers, which is an important reason for the relatively ;. \m length threshold (Eq. 1), the constant may lead to
high success rate in this area (TaJe _ branches that are omitted although they should not be, and
The existence of nunataks tends to improve the derived;ice versa. For large glaciers, such errors can be an impor-

centerlines. Due to the high penalty values close 10 thegnt contributor to the categories added and deleted heads
nunataks, centerlines are forced to flow around ”U”atakS(TableZ).

which is typically consistent with their expected course. In
our test area, nunataks are abundant, which simplifies the afg.2  Influence of DEM and outline quality
plication of the cost grid—least-cost route approach.
Equation ) is only one way to obtain a functioning cost Our results depend on the quality of DEM and glacier out-
grid. Other, possibly shorter equations may yield similar lines. While systematic elevation biases (e.g., like those
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found in the SRTM DEM) have little to no effect, blun- in Fig. 11a. While the mean and median are very close to
ders such as bumps (e.g., found in the ASTER GDEM2, duaunity (R = 0.99, Rso = 1.02), the distribution is left-skewed
to a lack of contrast in the corresponding optical imagery)with a maximum between 1.05 and 1.15 and considerable
are more severe. They lead to elevation maxima that are natpread. Only~ 50 % of the 21 720 glaciers have lengths that
real, which interfere with our search for actual glacier heads.are within 10 % of each other. Assuming that the centerlines
Blunders also affect the course of the centerlines. Artificialfrom our cost grid—least-cost route approach are the “cor-
bumps lead to upslope flow, and the subsequent optimizatiomect” reference, the distribution peak between 1.05 and 1.15
picks centerlines that flow around these bumps. These soluconfirms the finding oBchiefer et al(2008 that hydrologi-
tions are better according to the optimization critefiayp cal approaches tend to overestimate glacier length due to the
andnyp, but in reality may be worse than the initial solu- deflection of the hydrological “flowline” to the glacier edge
tions. In areas where we rely on DEMs with blunders, thein convex areas. However, in almost 50 % of the cases, the
DEM quality is responsible for most manual corrections in lengths from the hydrological approach are shorter than the
any error category. lengths from the cost grid—least-cost route approach. The pat-
If the glacier is part of a larger glacier complex, correct ice tern is found throughout all size classes and can occur if the
divides along the actual drainage divides as retrieved frormrhydrological flowline not only gets deflected in areas with
the DEM are crucial. In case of erroneous divides, centerconvex glacier geometry but actually leaves the glacier be-
lines flow over the divide, which may prompt an optimiza- fore reaching the lowest glacier elevation. In these cases, the
tion although the only solution is to adapt the divides. Like- hydrological approach may underestimate glacier length. In
wise, it is important to identify correctly location and shape the cost grid—least-cost route approach, every centerline is
of nunataks. In case of omitted nunataks, the centerlinesorced to reach the lowest glacier elevation, an assumption
may cross the nunataks, which is not intended. Identifyingthat may not always hold, which then leads to an overestima-
nunataks where there are none (e.g., on a medial moraindjon of the length by our approach. Combined, the two ten-
leads to centerlines flowing around these apparent nunatakglencies for under- and overestimation may explain the con-

yielding an implausible curvy shape. siderable fraction of ratios between 0.7 and 0.9.
The histogram in Figl1b shows how different the lengths
6.3 Quality assessment would be if centerlines were computed between the lowest

and highest glacier elevations only (e.ge Bris and Paul

For the quality assessment, we use shaded-relief DEMs, cor2013, instead of considering multiple branches per glacier.
tour lines, and satellite imagery. As medial moraines andFor this comparison, we extract only the 4350 glaciers that
contour lines are only a proxy for ice flow direction, it would have two or more centerlines, as the two lengths must be
be ideal to consult actual velocity field data to validate theidentical in the case of the remaining 17 370 glaciers. Ex-
centerlines. However, at the time of the quality analysis, suclcluding the glaciers with one centerline tends to exclude the
flow fields were not available on a larger scale. Recently presmallest glaciers; thus, nearly all glacier§.5 knt are omit-
sented dataBurgess et a).20133 may be used for future ted. More than 70 % of the glaciers have a high ratio between
studies. 0.95 and unity, meaning that the centerline originating from

Visual assessments involve some degree of subjectivitythe highest glacier elevation has a length that is within 5 % of
which we attempt to minimize by checking the results mul- the longest centerline’s length. For most glaciers, the longest
tiple times. Comparison to centerlines exclusively derivedcenterline is actually identical to the line between the low-
by hand could extend the current quality assessment. Howest and the highest glacier elevation, which is explained by
ever, to be meaningful, such tests should comprise multiplea strong correlation of elevation range and length. Neverthe-
glaciers from each glacier type, manually processed by difdess, considerable outliers may occur in individual cases, es-
ferent technicians. This is very time-consuming and thus bepecially for large glaciers that have many branches.
yond the scope of this study.

6.4 Comparison to alternative methods 7 Conclusions

To quantify method-related differences, we compare theWe have developed a three-step algorithm to calculate glacier
glacier lengths derived from alternative algorithms. A mean-centerlines in an automated fashion, requiring glacier out-
ingful analysis is supported by the large number of lengthlines and a DEM as input. In the first step, the algorithm
observations available. Calculating the ratios of the lengthddentifies glacier termini and heads by searching for minima
obtained from different methods allows a comparison amongand local elevation maxima along the glacier outlines. The
glaciers. The histogram in Fid.1a illustrates contrasts in second step comprises a cost grid—least-cost route implemen-
length arising from the concurrent application of our costtation, which forces the centerlines towards both the central
grid—least-cost route and a hydrological approach. The disportion and lowest elevations of the glacier. The second step
tribution of the obtained ratios is shown in the histogram also implements an optimization routine, which obtains the
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Fig. 11. Histograms illustrating the length ratio distributions of differently derived glacier lengths. Colors distinguish size categories;
indicates the total number of glaciers. Meat) @nd selected quantile®) are calculated for the complete distributions. Pgagkhows

the ratio of length derived from a hydrological approach to the length derived from our longest centerline. Bar width is 0(b) Baoels

the ratio of length derived from the centerline between the highest and the lowest glacier elevation to the length derived from our longest
centerline. Only glaciers with more than one centerline are considered. Bar width is 0.05.

most plausible centerlines by slightly varying the cost grid. that the choice of the applied method may significantly influ-
In the third step, the algorithm divides the centerlines intoence the derived glacier lengths. Comparing the lengths from
individual branches, which are then classified according tothe centerline between highest and lowest glacier elevations
branch order$hreve 1966. to the lengths from the longest centerlines shows that they
We have developed and applied our centerline algorithmagree well> 70 % of the glaciers with two or more branches
on a glacier inventory for Alaska and northwest Canadahave the two lengths within 5% of each other. Agreement is
(Arendt et al, 2013. The algorithm is applied to 21720 best for small glaciers with few branches. Our results sug-
glaciers with a minimum area of 0.1 Kmnyielding 41860  gest that the centerline between the highest and the lowest
individual branches ranging in length between 0.1 andglacier point is generally valid to describe the glacier length
195.7 km. The mean length of the glacier sample is 2.0 kmalthough considerable outliers may occur in individual cases.
Our quality analysis shows that the majority (87.8%) of Our derived centerlines do not provide unique, “true” so-
the glaciers required no manual corrections. The most comiutions. The results may vary with the parameters chosen
mon errors occurred due to misidentification of either glacierin the applied equations; moreover, technician interpretation
heads or termini (7.0 and 3.5 % of errors, respectively). Onceadds subjectivity within the quality analysis. Nevertheless,
heads and termini are correctly identified, the algorithm de-the proposed approach contributes towards a standardized
termines centerlines for nearly all (98.6 %) cases. The qualderivation of centerlines. The final product may be used, for
ity analysis further indicates that the algorithm works bestexample, to calculate the glacier length using both suggested
for valley glaciers, while apron glaciers tend to be most chal-methods Paul et al. 2009 or to conduct topological analy-
lenging. ses Bahr and Peckhayii996). It may also be used for area-
For our sample of 21 720 glaciers, we compare the lengthdength scaling application$S¢hiefer et al.2008 or as input
derived from a hydrological approach (e.§chiefer et al.  for flowline modeling Sugiyama et a).2007). As soon as
2008 to the lengths derived from our longest centerlines. good-quality DEMs and glacier outlines are globally avail-
We find considerable variation: although the average ratio ofable, the scope of the presented project may be expanded
the two lengths is close to unity, onty 50 % of the glaciers from a regional to a global scale.
have the two lengths within 10 % of each other. This suggests

The Cryosphere, 8, 503519 2014 www.the-cryosphere.net/8/503/2014/



C. Kienholz et al.: A new method for deriving glacier centerlines 519

Acknowledgementsie thank I. Evans and B. Raup for their Year (2007-2009), ISPRS Journal of Photogrammetry and Re-
valuable comments that improved the manuscript. The work was mote Sensing, 64, 204-212, 2009.
supported by grants from NSF (no. EAR 0943742) and NASA Le Bris, R. and Paul, F.: An automatic method to create flow lines

(nos. NNX11AF41G and NNX11A023G). for determination of glacier length: A pilot study with Alaskan
glaciers, Comput. Geosci., 52, 234-245, 2013.

Edited by: A. Kaab Le Bris, R., Paul, F., Frey, H., and Bolch, T.: A new satellite-derived
glacier inventory for western Alaska, Ann. Glaciol., 52, 135-143,
2011.

References Leclercq, P. W., Pitte, P., Giesen, R. H., Masiokas, M. H., and Oerle-

mans, J.: Modelling and climatic interpretation of the length fluc-

Arendt, A., Bolch, T., Cogley, J. G., Gardner, A. S., Hagen, J. tuations of Glaciar Frias (north Patagonian Andes, Argentina)
0., Hock, R., Kaser, G., Pfeffer, W. T., Moholdt, G., Paul, F., 1639-2009 AD, Clim. Past, 8, 1385-1402, d6i5194/cp-8-
Radi, V., Andreassen, L., Bajracharya, S., Beedle, M., Berthier, 1385-20122012.

E., Bhambri, R., Bliss, A., Brown, |., Burgess, E., Burgess, D., Li, H., Ng, F., Li, Z., Qin, D., and Cheng, G.: An extended
Cawkwell, F., Chinn, T., Copland, L., Davies, B., De Angelis,  *“perfect-plasticity” method for estimating ice thickness along the
H., Dolgova, E., Filbert, K., Forster, R. R., Fountain, A., Frey,  flow line of mountain glaciers, J. Geophys. Res., 117, F01020,
H., Giffen, B., Glasser, N., Gurney, S., Hagg, W., Hall, D., Har-  do0i:10.1029/2011JF002102012.

itashya, U. K., Hartmann, G., Helm, C., Herreid, S., Howat, I., Linsbauer, A., Paul, F., and Haeberli, W.: Modeling glacier thick-
Kapustin, G., Khromova, T., Kienholz, C., Koenig, M., Kohler,  ness distribution and bed topography over entire mountain ranges
M., Kriegel, D., Kutuzov, S., Lavrentiev, |, Le Bris, R., Lund, J.,  with GlabTop: Application of a fast and robust approach, J. Geo-
Manley, W., Mayer, C., Miles, E., Li, X., Menounos, B., Mercer, phys. Res., 117, FO3007, db®.1029/2011JF002313012.

A., Moelg, N., Mool, P., Nosenko, G., Negrete, A, Nuth, C., Pet- McNahb, R., Hock, R., O'Neel, S., Rasmussen, L., Ahn, Y., Braun,
tersson, R., Racoviteanu, A., Ranzi, R., Rastner, P., Rau, F., Rich, M., Conway, H., Herreid, S., Joughin, 1., Pfeffer, W., Smith, B.,
J., Rott, H., Schneider, C., Seliverstov, Y., Sharp, M., Sigurds- and Truffer, M.: Using surface velocities to calculate ice thick-
son, O., Stokes, C., Wheate, R., Winsvold, S., Wolken, G., Wy- ness and bed topography: a case study at Columbia Glacier,
att, F., and Zheltyhina, N.: Randolph Glacier Inventory [v3.2]:  Alaska, USA, J. Glaciol., 58, 1451-1464, 2012.

A Dataset of Global Glacier Outlines, Global Land Ice Mea- Melkonian, A. K., Willis, M. J., Pritchard, M. E., Rivera, A., Bown,
surements from Space, Boulder, Colorado, USA, Digital Media, F., and Bernstein, S. A.: Satellite-derived volume loss rates and
2013. glacier speeds for the Cordillera Darwin Icefield, Chile, The

Bahr, D. B. and Peckham, S. D.: Observations and analysis of self- Cryosphere, 7, 823-839, dbd.5194/tc-7-823-2012013.
similar branching topology in glacier networks, J. Geophys. Res.,Nuth, C., Kohler, J., Kénig, M., von Deschwanden, A., Hagen, J. O.,
101, 25511-25521, 1996. Ké&éb, A., Moholdt, G., and Pettersson, R.: Decadal changes from

Bodansky, E., Gribov, A., and Pilouk, M.: Smoothing and compres-  a multi-temporal glacier inventory of Svalbard, The Cryosphere,
sion of lines obtained by raster-to-vector conversion, in: Graphics 7, 1603-1621, dol:0.5194/tc-7-1603-2012013.

Recognition Algorithms and Applications, 256-265, Springer, Oerlemans, J.: A flowline model for Nigardsbreen, Norway: projec-
2002. tion of future glacier length based on dynamic calibration with

Bolch, T., Menounos, B., and Wheate, R.: Landsat-based inventory the historic record, Ann. Glaciol., 24, 382—-389, 1997a.
of glaciers in western Canada, 1985-2005, Remote Sens. Enviderlemans, J.: Climate Sensitivity of Franz Josef Glacier, New
ron., 114, 127-137, 2010. Zealand, as Revealed by Numerical Modeling, Arctic Alpine

Burgess, E. W., Forster, R. R., and Larsen, C. F.: Flow veloc- Res., 29, 233-239, 1997b.
ities of Alaskan glaciers, Nature Communications, 4, 2146, Paul, F., Barry, R. G., Cogley, J. G., Frey, H., Haeberli, W., Ohmura,
doi:10.1038/ncomms314&013a. A., Ommanney, C. S. L., Raup, B., Rivera, A., and Zemp, M.:

Burgess, E. W, Larsen, C. F., and Forster, R. R.: Summer melt reg- Recommendations for the compilation of glacier inventory data
ulates winter glacier flow speeds throughout Alaska, Geophys. from digital sources, Ann. Glaciol., 50, 119-126, 2009.

Res. Lett., 40, 6160-6164, 2013b. Schiefer, E., Menounos, B., and Wheate, R.: An inventory and

Farinotti, D., Huss, M., Bauder, A., Funk, M., and Truffer, M.. A° morphometric analysis of British Columbia glaciers, Canada, J.
method to estimate the ice volume and ice-thickness distribution  Glaciol., 54, 551-560, 2008.
of alpine glaciers, J. Glaciol., 55, 422—-430, 2009. Shreve, R. L.: Statistical Law of Stream Numbers, J. Geol., 74, 17—

Farr, T. G., Rosen, P. A., Caro, E., Crippen, R., Duren, R., Hens- 37, 1966.
ley, S., Kobrick, M., Paller, M., Rodriguez, E., Roth, L., Seal, D., Sugiyama, S., Bauder, A., Zahno, C., and Funk, M.: Evolution of
Shaffer, S., Shimada, J., Umland, J., Werner, M., Oskin, M., Bur-  Rhonegletscher, Switzerland, over the past 125 years and in the
bank, D., and Alsdorf, D.: The Shuttle Radar Topography Mis-  future: application of an improved flowline model, Ann. Glaciol.,
sion, Rev. Geophys., 45, 1-33, 2007. 46, 268-274, 2007.

Heid, T. and K&ab, A.: Repeat optical satellite images revealTachikawa, T., Hato, M., Kaku, M., and lwasaki, A.: Characteris-
widespread and long term decrease in land-terminating glacier tics of ASTER GDEM version 2, in: Geoscience and Remote
speeds, The Cryosphere, 6, 467478, kbBE194/tc-6-467- Sensing Symposium (IGARSS), 2011 IEEE International, 3657—
2012 2012. 3660, 2011.

Korona, J., Berthier, E., Bernard, M., Rémy, F., and Thouvenot,

E.: SPIRIT. SPOT 5 stereoscopic survey of Polar Ice: Reference
Images and Topographies during the fourth International Polar

www.the-cryosphere.net/8/503/2014/ The Cryosphere, 8, 5@&9, 2014


http://dx.doi.org/10.1038/ncomms3146
http://dx.doi.org/10.5194/tc-6-467-2012
http://dx.doi.org/10.5194/tc-6-467-2012
http://dx.doi.org/10.5194/cp-8-1385-2012
http://dx.doi.org/10.5194/cp-8-1385-2012
http://dx.doi.org/10.1029/2011JF002104
http://dx.doi.org/10.1029/2011JF002313
http://dx.doi.org/10.5194/tc-7-823-2013
http://dx.doi.org/10.5194/tc-7-1603-2013

