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ABSTRACT. M easurements of ice thickness a nd surface elevatio n a re prerequi site to 
many glaciological inves tigations. A va riety of techniques has been developed for inter
pretation of these da ta, including m eans of constructing regul a rl y g ridded digital eleva
ti o n models (DEMs) for use in num c ri ca l studi es . H ere we prese nt a simpl e ye t 
st a tistica lly sound m ethod for process ing ice-pene tra ting rada r d a ta a nd desc ribe a 
technique [or interpolating these da ta onto a regul a r g rid. DE Ms gene ra tcd forTrapridge 
Glacier, Yukon l e rrito ry, Canada, a re used to deri\ "C geometric qua ntiti es that gi\"C pre
liminary insights into the underl y ing basin-scale hydro logical system. This simple geo
m etric a nalysis suggests that a t low wa ter press ures a dendritic drainage network ex ists 
tha t e\'ok es illlo a uni axialmorpholog y as water press ure approaches no ta tion. These pre
dic tions are compa red to hydraulic connec ti on probabilities based on borehole drilling. 

INTRODUCTION 

Ice-penetrat ing rad a r has been used ex tensively in g laciol
ogy, mos t commo nl y to determine iee thickness (sec Bogor
odsky a nd others (1985) for a n oyer\ 'icw), as well as fo r 
studying englacia l a nd ice-core stra tig raphy (e.g. Bamber, 
1989; J acobel a nd o thers, 1993; Si ege rt a nd others, 1998), 
basal a nd therm a l conditions (e.g. H olmlund, 1993; Bjorns
son a nd others, 1996; Uratsuka a nd others, 1996) and ice 
fabric (e.g. FLU ita a nd Mae, 1993). Interpretation of these 
d ata is usua ll y the principa l priority, so im'estigators have 
ada pted sei mic softwa re or other p ackaged program s [or 
d ata process ing. These methods a rc often successful , but 
using such tools witho ut proper kn owledge of the underly
ing sta ti stics can lead to erroneous results from which it is 
easy to draw incorrcct conclusions. Therefore a n attrac tiye 
a ltern ative is LO use a simple krig ing a lgorithm, a sta tisti
ca ll y based interpo la tion method tha t uses weighted spatial 
fun cti ons to compute unknown va ri abl e estim ates (e.g. 
Journel and Huijbregts, 1978). Krig ing requires geostatisti
ca l a nalysis that qua ntifics di agnostic characteri sti cs o[ the 
d ata a nd a ll ows incorporation of a priori kn owl edge into the 
interpolation. Such a n a pproach, commonl y used in miner
a l explorati on a nd geohydrology, is a menable to g laciologi
cal applications. The m ethod we ado pt is applied LO spa ti a lly 
irregul ar data gcnera lly collected a long transec ts, but iso
la ted rada r depth soundings can readil y be included. 

J nterest in reconstructi on of ice-thicknes a nd surface
elevation datase ts ari ses from our need for acc urate inputs 
to a basin-scale hydrological model of Trapridge Glacier, 
Yukon Territory, C a nada . Knowledge of basin geom etry 
a nd ice di stributi o n is essenti a l fOI- determining gradients 
in hydraulic potenti a l, the prim a ry driving force fo r wa ter 
now. In addition, we aim to use these digita l elevatio n 
m odels (DEMs) as predictive m aps to identify preferenti a l 
now paths a nd poss ibl e a reas of wa ter storage. H ydrolog ical 

drainage features haye been inferred di rectl y from gco
metrical caleulati ons using DEl\ls (Sha rp a nd others, 1993), 
but thi s is suspec t ifdra inage is la rgely cont roll ed by phys i
cal ra ther than geome tric factors. As a check, we ca lcula te 
hydrologica l proxies fro m the DEl\[ obta ined forTrapridge 
Glac ier a nd compa re the m to fi eld obse rva ti ons of bore hole 
connectivity to es tabli sh tha t furth er physica lly based m od
elling is wa rranted. 

DATA COLLECTION AND PREPARATION 

Ground-based rada r d a ta we re coll ec ted on Trapridge 
Glac ier from 199+ thro ug h 1997, providing sig nificant a real 
cO\"C rage of the upper a nd lower basins th at together rep
resent the entire abla ti o n zone and a frac ti o n of the acc umu
lati on zone. Our spa ti a l cO\"Crage is limited to safel y 
accessib le a reas where a fi xed survey location is \'isible a nd 
where the environment is conduci\ 'C to hig h-qualit y so und
ing da ta. These factors preclude regul a rl y spaced data a nd 
yield a p a ucit y of data in regions that a re hea\'il y cre \'assed 
(e.g. ice fa ll s) a nd ma rg ina l zones of very thin ice. In addi
ti on to surface coordina te survey data assoc ia ted with rad a r 
tra nsec ts, we coll ect a va ri e ty of other surye)' data that can 
be used in conjunction to m ap the glac ier surface, including 
locati o ns a nd ele\'ations o f a fi xed g lac ier-wide array o f 
veloc it y sta kes, a mesoscale strain grid, d a ta loggers, bo re
holes a nd longitudina l g lacier profil es. Th ese data sources 
togethe r with that associa ted with the rada r survey ove r 
the years 1994·-97 yielded a LOta l or 1700 m easurements from 
which to reconstruct a n average ice-surface map. O ver the 
sa me p e ri od, 1730 rada r soundings we re ta ken which a rc 
used to reconstruct the corresponding "" yea r ave rage ice
thickn ess distribution. Fig ure I shows independent proj ec
ti ons o f a real coverage o f ice-surface a nd ice-thickness 
(rada r ) d ata. The horizo nta l and verti ca l axes are pa ra llel 
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Fig. 1. AreaL projections rifdata coverage on Trapridge CLaciel; 
1994- 97 (a) SwJace-eLevation survey data. NotabLe gaps 
occur coincident with an icifaLL separating upper (west) and 
Lower (east) basins, and in the southwest corner extending 
east aLong the mOlgin where steep and crevassed terrain pro 
hibits travel. The density rif data in the centre of the ablation 
zone (east) is due to surveys rif data loggers, borehoLes and a 
strain grid in our study area. ( b) Radar data. Caps are coin 
cident with those explained for ice-sll1jace data. Regularly 
spaced and uniformly oriented transects are often precluded 
by gLacier geometlY and crevasses. We use data from allfour 
years simultaneously to reconstruct average distributions rif 
ice thickness and ice-surface elevation. The origin (southwest 
corner) is Located at 534oo3E, 6787132N North is shown as 
upward in this pLot and is the same in those thatfoLLow unless 
otherwise indicated. 

to easting a nd northing coordinatcs, respectively, and the 
domina nt ice-flow direction is from west to eas t. 

Instrumentation and field methods 

\Ve use a high-power impulse transmitter (Narod and 
Cla rke, 1994) in conjunction with a resistively loaded trans
mitting a ntenna of 4m half-length, producing a centre fre
quency of 12 MHz. Geometry of the equipment during data 
collection is shown in Figure 2. The direct air wave is used to 
trigger the receiver, and da ta a rc transmitted via an optical 
cable to a battery-powered Fluke Model 97 Scopemeter. A 
seri a l interface connects the oscilloscope to an HP200LX 
palmtop computer that control s data coll ection, processing 
and storage. 

For case of travel, antennas a rc ori ented parallel to the 
propagation direction of the a ir wave and to the given tran
sect. In accessible areas of the glacier, we attempt to collect 
continuous lines of data genera lly transverse to the direct ion 
of ice flow to ensure good la tera l resolution. Where possible, 
spacing be tween soundings is either 12.5 or 25.0 m, with sur
face-elevation survey data collected less frequently (usually 
every 50.0 m ). vVe implicitl y assume that surface elevation 
gradients a re smaller than basal elevation gra dients so that 
surface coordinate data can be linearl y interpolated 
between survey points. 
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Fig. 2. Geometry and comjJOnents of the data -collection equip 
ment. The transmitting end comprises the miniature high
power impuLse transmitter and flo wer sujJply between two an 
tennas rif 4 m half-length. Separatedfrom the transmitter by 
25 m, the receiving antenna is connected to a digital scope
meter and HP palmtop compulel: The sounding localion is 
assumed to be vertical£y beneath the midpoint rif the two an
tennas' hence the position rifthe survey tmget. 

Picking direct and reflected arrivals 

Figure 3 shows a seri es or typical radar-sound ing traces 
observed on the HP palmtop computer where the direct 
and refl ected waves arc indicated. \Ve attempt to pick the 
time of the first d etectable energy in the arrivals, a nd there
fore the incidence of the wave as opposed to the peak. This 
strategy avoids the potent ia l error introduced with data of 
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Fig. 3. ExampLe radar tracesJrom three locations showing the 
direct air wave ( d) and bed riflections ( r). Traces A- C are 
presented in order rif decreasing data quality and increasing 
uncertainty in arrival/Jicks, demonstrating the need to quan
tijj pick corifidence in the analysis. EngLacially riflected wave 
anivals ( e) are not uncommon in areas rif comjJLex geometry, 
in which case we use the signaL-to -noise mtio or travel-time 
comparisons with neighbouring points to determine which ar
rival is associated with the bed. 
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va riable amplitude. The results of this processing are travel 
times for the direct a nd refl ected waves for each radar 
sounding. Ice thickness is readily computed from the trav
el-time difference, assuming a homogeneous ice velocity 
and simple parallel-pla nar geometry of the ice surface a nd 
bed in the vicinity of the measurement. Data migration is 
not necessary in thi s case because much of Trapridge 
Glacier fl ows unro nfined over its bed; steeply dipping va ll ey 
walls, usua lly the hallma rk of glaciated terra in, a re not a n 
obvious feature of this bas in. Migration techniques have 
been developed to handle thi s problem (VVelch and others, 
1998) com mon to many other a lpine glaciers. 

For each rada r trace, da ta quality is assessed and re
corded by quantifying two attributcs; the first pertains to 

the amplitude of the direc t arr ival, a nd the second to the 
clarity of the time-domain location of the refl ected wave. 
The refl ection index is gu antitati\'ely dependent on the 
number of oscillo cope pixels of uncerta inty in the arriva l 
location. D epending on oscilloscope pa ra meters, each pixel 
represents the tra\·el tirTle through 0.68- 1.36 m of ice, so a n 
uncerta int y of one pi xel can introduce errors in the final ice
thickness estimates of 0.035- 0.07 m. This index is thus a con
fidence factor for the pick that we ex ploit to preferenti a ll y 
value high-quality data in the interpolation. 

DATA INTERPOLATION 

The preparati on we have just desc ribed yields two sets ofir
regularly spaced data from which we construct full arrays o f 
interpola ted data that adequately represent the whole 
glacier surface and ice-thickness di stribution. From these, 
the underl ying bed topography will be dete rmined by sub
traction . A variety of m e thod s elaborated in va rious soft
ware is available for data interpola ti on; selection of a 
method depends on the na ture of the data and a forecast of 
the des ired outcome. Salient considera ti ons arc: whether 
data should be honoured exactl y, how da ta weighting 
should \ 'a ry with dista nce, a nd the size of the dataseL. The 
method we adopt, kriging with prior geostatistical analysis, 
is rela ti vely simple a nd has proven useful in a variety of 
other ea rth sciences (e.g. Persicani, 1995; Piotrowski a nd 
others, 1996; Von Steiger a nd others, 1996). The opportunit y 
to use sta ti stica lmetrics of data charac teriza tion as input to 
the interpolato r makes thi s method fl ex ibl e and more reli
able tha n many other techniques that require liLLle input 
other th an the datase t itself. 

Krig ing is a linear, unbi ased, leas t-squares interpolation 
procedure that uses weightcd functions of spati al auto
covari a ncc to compute var iable estim ates. It does so by 
minimi z i ng the variance of a n error fun ction, expressed in 
terms of kriging weights, with a Lagra ngi an multiplier 
(Carr, 1995). However, it requires a priori knowledge of the 
statistica l spatial cha racteristics of the data as re\'Ca led in 
semiva riog ram analysis. Tt- is unbiased because it does not 
shift the variable mean, nor does it change the data distribu
ti on. Kriging is an exact interpolator; therefore, it perfectl y 
honours d ata at any of the spec ifi ed interpolati on locations, 
an att ribute that requires spa tia l averaging as part of thc 
preconditioning if confli eting data occur coincidentl y. 
Furthermore, data transformat ions a re often necessa ry 
before kriging if spatial trends exist in the raw data. A 
detailed explanation and der ivation of kriging weights is 
given by CarT (1995). 

Flowers and Clarke: n 'ajJridge Glacier sll1face and bed topography 

Data preconditioning 

Because the d ata are rela tivel y dense in some areas and 
spa rse in others, wc combine m easurements that occur with
in the same 5 m gridcel l. For the ice- thickness d a ta , we com
pute a weighted a\'Crage where each datum is favoured 
according to its refl ec tion quality index. In some cases, very 
poor data are excluded if they are spatially redundant. For 
the ice-surface elc\'ation dataset, a ll \'alues are weighted 
eq uall y since there is no proccss ing step th at il1lroduces ad
ditiona l subj ec ti\'e errors. 

Both da tasc ts under consideration, ice-surface elevation 
a nd ice thi ckn ess, are sta tistica ll y corrupted by spati al 
trends tha t a rc apparent when either vari able is plotted as 
a function o r x , the easting coordinate (approximately 
down-flow). \ Vc anticipate sp a ti a l trends in thi s direction 
because of the ice-surface slope a nd the tendency for the 
glacier to thin toward the terminus, but in practice these 
trends must be empirica ll y identifi ed. Fortuna tely, in both 
cases the vari ation with :1.' is approx imately linea r. To pre
condition the raw surface-cl e\'a ti on data z" wc search for a 
best-fit line which, when subtrac tcd from the data, results in 
a mea n approx imately equ a l to zero. Let us denote the 
transformed surface-elevation d a ta ( " The result ofremov
ing thi s trend from the da ta is shown in Figure 4-a and b 
where compara tive histogram s of z, and ~=, qualitati\'ely 
demonstrate th at the transformed variable is normally di s
tributed about zcro. 

A two-step transformatio n is appli ed to precondition the 
ice-thickness da ta. To clustcr the d a ta more effectively abo ut 
a line, we first ta ke the natura l logarithm of ice thi ckn ess hi; 
this also ensures that the interpola tion will produce pos iti\'e 
es timates for ice thickn ess, because the recovered da ta will 
be the exponent ia l of the inte rpola ted cstimate. The second 
step is to removc the linea r trend from the logarithmic data 
to obta in the transformed \'ar iable ~h .. Figure 4c a nd d show 
histograms for the raw and fi na l transformed data, demon-

b 

d 

~.. 0.. 0.8 
Transfonned bins 

Fig. 4. Histogmms cif raw and transformed data. ( a) Raw 
ice-sll1face elevati01l Zs. ( b) y,'aniformed ice-slllface eleva
tioll ( " ( c) Raw ice thickness hi. ( d) nw/sJomzed ice thick
lIess ~h .. For both datasels t/ze traniformations have resulted ill 
a data mean near <era alld have produced appTO~imate0' 1101'
mal distributionsfrom bimodal raw data. The bimodal nature 
q/distribllt ions in ( a) and ( c) reflects distinct environmental 
and geo';lftric factors associated with the lifJPer and lower 
basins. 
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st rating that the two-step transformation not only elimi
nates the bimodality of the origina l data but again yields 
an approx im ately normal distribution. 

Geostatistical a n a lysis 

To quantify the spatial characteristics of our datasets, we use 
a well-known tool of geostatistical analysis, the experimen
ta l sem ivariogram. A variogram 2 ,( h) for a particular 
variable Y, considered in one dimension [or simplicity, 
characterizes the variability between values ory at different 
spatia l locations (Y(x ), Y(x + h)), or the autoeova ri ance of 
this vari able as a function oflag h (separation) Uournel a nd 
Huijbregts, 1978; Carr, 1995). Following Carr, the semivario
gram ,( h) = 2 "(( h) /2 is defined mathem aticall y as 

1 N 2 
"(( h) = 2N 2:)Y(Xi) - Y( Xi+h)] , (1) 

,=1 
where N is the number of data points under consideration 
and Y(Xi+h) is the notation for a variable that is a distance 
h away from Y(x;), so h = IXi+h - x;I. The semivariogram, 
pre ented here for a single variable type (Y ), is a measure of 
simil arity within the dataset and reli cs on the fact that simi
larity is inversely proportional to distance. Formally, this as
su mption is known as the intrinsic hypothesis and it states 
that variable similarity is exclusively a function of lag, not 
of absolu te spatial locat ion. 

The utility of this analysis is in identifying the appropri
ate semivariogram model and quantifying its statistical 
parameters. Among the most common va riogram models 
are those termed Gaussian and spherical. T hese are shown 
in Figure 5 along with visual explanations of their corres
ponding characteri stic parameters. The equation of an 
ideali zed Gaussian sem ivariogram is Uournel and Huij
bregts, 1978) 

"(( h) = CO + C [1 - exp ( - ~:) 1 ' h>O (2) 

with ,(0) = 0 where CO, C and a are the standard repre-
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Fig. 5. Two common idealized variogram models: (a) Caus
sian and (b) sphericaL. Increasing values rif "((h)Jor small 
values rif h indicate spatial correlation if the data at small 
lags, diminishing as separation between data pairs increases. 
Parameters germane to the intel/Jolat ion are indicated Jor both 
models. The sill relates to the statistical variance of the data, 
the nugget is an indication rif data errors (if it is non-zero as 
shown here) and the range delimits the maximum lag at 
which correlation is significant. The range corresponds to 
different values if "( in (a) and ( b) because it must be un 
iquely calculated Jor each model type in order to represent the 
same geostatistical property. 

sentations of the statistical parameters. T he "nugget" CO is 
the value of the semivariogram when the lag is extrapolated 
back to zero. Ideally CO = 0 because each data point shou ld 
correlate exactly with itself, so a non-zero nugget value is 
indicative of random noise or spatial autocorrelation on a 
scale smaller than the minimum lag. Parameter C = 

sill - CO where the sill is defined as the constant value that 
"((h) approaches at large lags and is related to the stati stical 
var iance of the data. For the Gaussian model, the "range" a, 
or transitional correlation lag, is determ i ned by a = a' / J3, 
where "((a') = 0.95 (sill). An idealized spherical model is 
written as (D avid, 1977) 

"(( h) = { CO + c G~ -~ ~:), 0 < h ~ a (3) 

CO + C = sill, h > a 

with "((0) = 0 for CO and C as previously described, and a 
defin ed as the lag at which the semivariogram attains the 
sill yalue. For spherical models the range is determined 
graphica ll y rather than computed. 

Omnidirectional semivariograms 
Semivariograms wh ich utili ze indiscriminately oriented 
data pairs are described as "omnidirectiona l", and a re the 
standard type. Wc compute omnidirectional sem ivario
grams for datasets ~zs and ~h, using a routine provided by 
Carr (1995). These are shown in Figure 6. Visual inspection 
leads to the choice of a spherical model for ~hi and a Gaus
sian m odel for ~z, ' which a re plotted a long with the experi
mental data. Gaussian m odels a re indicative of data with 
relatively deterministic spatia l vari ations (Carr, 1995), more 
plausible for ~z, than ~h.i since ~z, represents a smoother and 
simpler surface. The parameter values used to generate the 
opti mal semivariogram models for the data are listed in 
Table I. 

Directional semivariograms 
Further insight into the nature of spatia l a utocorrclation of 
the data can be gained by computing di rectional semivario
grams, which use a subset of the data chosen based on data
pair orientation. Resul ts can reveal the imperfection of si m
pie data transformations in removing small-sca le trends, 
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•••• 0.030 ~hl ~z • 
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~ 
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a b 
200 400 600 600 0 OI:--'---::200~--'---::4001:;:---'---::600-d. 

h (metres) h (metres) 

Fig. 6. Experimental semivariograms (points) plotted with 
best-fit models ( lines). (a) ~z,. A Caussian model is chosen 
to fit this semivariogram for ice-swJace elevation. (b) ~hi" 

The experimental calculation and model are plotted only for 
lags less than 600 m due to an insufficient number of ice
thickness data pairs at large lags. A spherical model/Jroduces 
the bestfit to the data. Both eX/Jerimental semivariogmms are 
generated with a minimum lag of 40 m, although a choice of 
20 or 60 m yields nearly identical results. 
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Table 1. Geostatistical parameters extractedfrom experimen
tal omnidirectional semivariogram analysis rif ~z, and ~h , 

Parameter ~=, ~" , 

M odel G a llss ia n spherica l 

CO 5.0 O.OO.~O 

sill 215 0.0285 
C 210 0.0235 
Cl' 550m 
a 318m 300 III 

and anisotropy of the transformed data can then be quanti
fi ed as a further constraint on the interpolat ion. ,,ye compute 
directiona l semivariograms for eight angles for each of the 
two datase ts. As expected from the omn idirectiona l results, 
nearly all of the directiona l sem ivar iograms for ~z, a re filled 
well with Gauss ian models, a nd models fo r ~h, a re unani
mously spherica l. The parameters that resulted from fitting 
models to these semivariograms a re listed inTable 2 for both 
datase ts. 

Of direct imporlance is the comparison of the ranges 
determined from the directiona l calculations, which gives 
the orienra tion and magnitude of the spatial autocorrela
tion anisotropy. If vectors w ith orientations parallel to thc 
individua l semivariogram a ngles, and magnitudes propor
tional to t he corresponding ranges, arc plotted with com
mon midpoints, thi s aniso tropy is revealed as an ellipse. 
From the associatcd angles a nd rangcs for ~z, ' a n ellipse 
striking approximately northwest~so uth eas t is definitive. It 
has an as pect ratio of 1.8, mea ning that the range is nearly 
twice as g reat a long its mcyor ax is as perpe ndicul a r to it. 
The directional ranges for ~" i va ry from 150 to 375 m, and 
the best-fit ellipse yields an ani sotropy angle of 4·5 west of 
north with a ratio of 1.4. This o ri entation is very close to that 
for ~=,' so residual spatia l trend a re simila rl y presel1l in both 
preconditioned datasets. H av ing quantifi ed thc orientation 
and mag nitude of spat ia l an iso tropy, the required geostatis
tical ana lysis is complete, a nd these constraints can now be 
appliedLO the interpolation. 

ft/ble 2. Geostatistieal parameters extmeledfrom directional 
semivariogram ana£ysis rif~:;,; and ~h , . ( For a linear model, C 
is difined as the slope rif /he semivariogmm) 

Dalastl . 1::. im1l111 .l/odet CO sill c 0' a 

111 m 

0 Gauss ian 5.0 150 145 275 159 
22.5 Gaussian 5.0 175 170 350 202 
45 Gaussian 5.0 170 165 400 231 
67.5 linear 0.0 0.36 
90 Gaussian 0.0 195 195 500 289 
11 2.5 Gallss ian 5.0 2+0 235 600 3+6 
135 Gaussian 5.0 250 245 600 3+fi 
157.5 Gauss ian 5.0 150 1+5 +00 231 

0 spherica l 0.0025 0.0275 0.0250 300 
22.5 spherical 0.0050 0.0290 0.0240 275 
+5 spherica l 0.0070 0.0300 0.0230 300 
67.5 spherical 0.0040 0.0225 0.0185 150 
90 spherical 0.0060 0.0225 0.0165 225 
11 2.5 spherica l 0.0050 0.0305 0.0255 325 
135 spheri ca l 0.0070 0.0300 0.0230 375 
157.5 spherica l 0.0025 0.0250 0.0225 300 

Flowers and Clarke: Ji'aJnidge Glacier sUlJace and bed topograf}/zy 

Kriging and post-processing 

A published routine (Carr, 1995) is used to krig both datase ts 
with the input information di scussed above, and the true re
cO\'ered data obta ined from the raw kriging resul ts by rever
sing the transfo rmations performed initiall y. All ice
thickness values are positive as a result of the logarithmic 
data transformation. Our kriging res ults a re relatively 
insensiti" e to the exact "alues of the geostati stical input 
parameters but a re extremely unreasonable if an unrepre
sentative variogram model or random pa rame te r va lues 
are chosen. Because much ofthe Trapridge Glacier terminus 
is an ice cliff, not a gently th inning to ngue, we choose to sup
press information about the ice ex tent in the interp olation. 
Furthermore, introducing "alues of zero ice thickness imo 
the datase t disrupts the distribution a nd requires more com
plex data transform ations. Followi ng this approach we must 
art ificially impose the glacier margin on the interpolated 
datase t, so wc combine survey d a ta and an aerial photo
graph to generate 25 poims th at ad equatel y defin e its pos i
tion. \Ve then se t ice-thickness values to zero that occur 
outside the ma rg in and spec ify correspond ing ice-surface 
elevation "alues equa l to the loca l bed ele,·ati on. 

RESULTS 

The results after post-processing are shown in Figure 7. Note 
that we ha,'e achie'Td the goal of producing an ice cliff at 
the terminus. I n fact our method has produced a cliff e"ery
where that the ice does not extend to the grid ma rgin, a fi c
tion that is difTi cult to a, 'oid ye t no t necessa rily troublesome 
for our intended a pplicati ons. G eometry of the ice a nd its 
surrounding terra in frequentl y prohibits visibility of our 
sur\'ey sites from the margin of th e g lac ier; thus we lack data 
cO\'Crage where the ice is thinning, a n omiss ion which di s
courages ma rg ina l tapering of ice in the interpola tion. 
Furthermore, areas of thin ice are underrepresented in the 
origina l data beca use refl ected radar signa ls often occur 
within the tail o f the direct Wa\T, becom ing indisting ui sh
able. These interpolated datase ts a re constructed for use 
with hydrolog ical model s, and bccausc most uf the g lac iolo
g icall y rele" ant hydrological act iv it y occurs within the 
interior reaches of the glacier, the m a rg inal cliffs do not pre
sent a problem. 

Loca tions of features in the inte rpolated da tasets that 
have been observationa lly or geophysica lly "erifi ed are indi
ca ted by numbers in Figure 7. Th e ice-surface elevation is 
natura ll y smoo th, and because of a lack of data in certain 
areas, does not well represent icefalls , although in three 
cases where terra in is accessible, Sleep slopes are recovered, 
as seen in Figure 7a (locations I). Th e first of" th ese areas is 
on the southern edge nea r where the ice margin extends be
yondthe grid; he re we sce a steep slop e to the east. The sec
ond is the slope from the upper to the lower basin on the 
north side; thi s is a n icc fall that occurs as the glac ier rides 
over a severe bed rock ridge. Upstream from this locat ion, a 
th i rd iccfa ll is ide ntifiable in the uppe r basin . Two importam 
surface depressions (locat ions 2) known to store supragla
cia l water in summer are visibl e, and the prominent term
inal bulges (loca tions 3) separated by a surface tro ugh a re 
successfu lly recovered at the eastern margin. Referencing 
the co rresponding location on th e im age of bed topography 
(Fig. 7b), these ridges a rc apparent (locations I). The steep 
ridge on the northern edge of the g rid (location 2) does in 
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ICE SURFACE 

BED TOPOGRAPHY 

SOOm 

Fig. 1 Interpolated models obtained by kriging. (a) l ee-sur
face elevation. The ice margin has been imposed a posteriori, 
rather than objectively determined by kriging, in order to en
able natural estimates of bed elevation in front of the glacier 
terminus. Prominent features cif the interpolated ice sU1jace 
annotated in the text are (1) steep slopes representing icgalls, 
(2) sUljace depressions that caj)tllre supraglacial mdtwate1; 
and (3) terminal bulges at the eastern mmgin. (b) Basal to 
pography . Features qf the interpolated bed topography are (I) 
bedrock ridges, (2) a lmge bedrock outcro/) and (3) overdee
pened troughs where ice-sll1face depressions are observed. 

fact crop out as such, and the overdeepened troughs behind 
and adjacent to it (locations 3) result in a depressed ice sur
face that traps surface melt water. Ice thickness is contoured 
in Figure Bb along with ice-surface elevation (Fig. Ba ) and 
bed topography (Fig. Bc ). Estimates of ice thickness agree 
very well with m easurements of borehole depths in our 
study a rea. Anomalously thick ice r ecovered near the south
ern ma rgin has been previously identifi ed by airborne radar 
measurements (p ersonal communica tion from B. B. Narod, 
1997), and the thinnest ice predicted a t the northern m argin 
is evident in the fi eld as the bedrock ridge outcrops bes ide it. 

DERIVED GEOMETRIC QUANTITIES 

In the simplest case, subglacia l dra inage might be a lmost 
exclusively controlled by geom etric innuences of the ice 
and bed. In gener al, thi s explana tion is insufficient, due to 

the complexities of subglacial geology and varying drainage 
morphologies. Nevertheless, using DEM alone, insights 
can be gained into the subglacia l predisposition to \ 'arious 
hydrological behaviours; this approach has been used suc
cessfull y in some cases to explain experimenta l dye-tracing 
results (e.g. Sh a rp and others, 1993). vVe refer to deri ved geo-
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Fig. 8. Contoured maps interpolated by kriging. (a) Ice-sur
jaa elevation. ( b) Ice th ickness. Values tif intel/Jolated ice 
thickness are in excellent agreement with measurements ofbore
hole depths where they are available. (() Basal topograpll)l. 

m etric quantities as those calcul ated solely from the inter
pola ted datasets to di stinguish them from physical model 
results. Two such qua ntiti es are piezometric surface (hy
draulic potenti al) and a terrain metric called upstream 
area. \ IVe compute these for severa l hydrological situations 
and search for field ev idence to substa nti a te these res ults. 

Piezometric surface 

\'\Ta ter moves in response to potenti a l gr adients, so a useful 
hydrologica l predicto r is a map of the piezomctric or poten
tia l surface. Such a m ap cannot be constructed without 
knowledge of the presence and pressure of water ever y
where, but one can predict water-fl ow pa ths by assuming a 
sp a ti a ll y uniform nota tion frac tion (Pw / R ) of water pres
sure. In these calcul a tions it is often assumed that the water 
pressure is everywhere equal to the ice-overburden pressure, 
perhaps an acceptable approximation for winter when a n 
effi c ient subglacial dra inage system is not developed. It is 
well es tablished from borehole water-pressure measure
m ents that summer meltwater can induce excursions in ex
cess 0 (" fl otation, but thi s condition cannot be maintained 
across the entire glacier bed. Therefo re we consider two si
tua tions: p". = O. 5R a nd PI\" = Pi, cha racteristic limits of 
diurna l summer water-pressurc vari a tio ns. 

Tota l hydraulic potenti a l 4> is the sum of pressure poten
ti a l a nd eb 'ation potenti al (Shre\'e, 1972), 

(4) 

where Pw is water pressure, Pw = 1000 kg m 3 is the dcnsit y 
of wa ter, 9 = 9.81m s ~ is the accelera tion due to gravity, 
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and Zb is bed elevation. The water pressure in terms of the 
ice-ove rburden pressure is P". = fpighj, where f = P".j R is 
the nota ti on fraction, Pi = 917 kg m :1 is the density of ice, 
and hi is ice thickness. Thus wc have 

(5) 

Figure 9 shows the res ults of thi s calculation for f = 0.5 and 
f = 1, visua lized as conto urs of equal hydra ulic potenti a l. 
Contours tha t appear beyond the glacier m a rg in a re expres
sions of top ographic potenti a l only. 

500m 
contours In kPa 

Fig. 9. COll tollrs qf equal I~ydrallli[ potential. ( a) P\\' / R = 
0.5. ( b) P".j Pi = 1. Both cases are realistic Jor behaviours 
observed during the melt season. I Vater moves pelpendicular to 
eqllijJotenliallines and is channeled into areas where contollrs 
are diverted to the west. Obviolls olltlets Jor water are the ter
mina! reaches qf the central and southem ice lobes. T he bo). 
indica tes our study area. 

Both ass umptions g ive simil a r res ults, with f = 0.5 pro
ducing slig htly more structure, a rencction ofthc g reater in
nuence of bed topograph y which vari es O\ 'er shorter spatia l 
scales. Bes t seen for f = 1, the strongest suggesti ons of water 
channel ization at the bed ( i nd icatcd as contou rs diverted to 
the wes t) a re from the upper bas in into the transitiona l 
region, a nd near the terminus. For both f = 0. 5 and f = 1, 
the northwest- southeast-tre nding potenti a l low emerging 
from the upper basin appears to reli eve m os t o f the upper 
catchment. Thi potential trough continues with northern 
conca\'it y into the lower bas in, though it becomes much less 
distinct. 'Va ter now to the glacier terminus is likely divided 
beneath the centre and southern ice lobes. 'Vc expect a more 
distributed drainage network for f = 0. 5 than fo r f = 1 due 
to the sI ig htl y g reater struct u re in its potential di stribution. 

Terrain analysis 

Quantita ti ve desc ription of terrain attributes has long been 
used in geomorphology to charac terize drainage in river 
basins, a nd is explained along with its histor y by Zevenber
gen and ThonlC (1987). Glac iological application of terrain 
a nalysis is not unprecedented: Sharp and others (1993) com
puted upstream a rea distributions for Haut Glac ier d'Aroll a, 
Switzerl a nd, based on DEMs to substa nti a te inferences 

FLowers and C!arke: Trap ridge Glacier swface and bed topograph)! 

drawn from experimenta l dye-tracing results; M a rsha ll and 
others (1996) have used aspects of terrain ana lysis to deter
mine control s on fast-n owing ice; and Bahr and Peckham 
(1996) investigatcd the viability o f describing g lacier net
work using sta tistical topology models. 

For our purposes, the most relevant terrain characteri s
tic described by Z evenbergen and Thorne is upstream a rea 
which, for a p a rticular gridcell, is the sum of a ll gridcell 
a reas that a re upstream and connected. In a landscape 
model with known water thicknesses in each cell, comput
ing upstream a rea would a llow to tal runo(f \'olume p ass ing 
through any cell to be ascerta ined directly. Th e term "up
stream" usuall y refers to higher topographic elevations, but 
to adapt this fo r our purposes, wc use hydraulic potential 
di(ferences ra the r than elevation g radients a lone. 

Much labo ur has gone into creating rules to calcula te up
stream area acc urately (e.g. Costa-Cabral and Burges, 1994; 
Ta rboton, 1997). Algorithms of varying sophistication hm'e 
been developed fo r these ca lcul ations, each attended by cer
ta in drawbacks rela ted to grid dep endence, artificial di sper
sion, computa tional memory requirements and numerical 
complexity. The simplest method, referred to as D8 or 
steepest descent (Tarboton, 1997), uses a transfer rule where 
onc gridcell gives its own area plus its upstream area to a 
single neighbour with the largest g radient between it and 
the donor. This is a numerically simple calcul ation but has 
an ob\'ious grid bi as. In a glaciolog ical context, D8 might be 
useful for representing a network of di sc rete conduits, 
although it still su(fers from limited flow-orientation possi
biliti es. Quinn a nd others (1991) improved on thi s by intro
ducing a multiple-direction method that incorporates 
weighted area tra nsfer where a ll downstream neighbours 
among the eight nea rest receive a rea in proporti on to relati\'e 
g radients. This method la rgely a ll eviates the grid bias 
encountered using D8, even thoug h only eight di sc rete fl OlI' 
directions a rc possible, but introduces numerical dispersion 
and performs poo rly at bounda ri es. Despite this, Costa
Cabral and Burges (1994) advocate this method o\'Cr the stee
pest-descent a lgorithm. A clc\'er way of approx ima ting con
tinuous-now-direction poss ibilities call ed Doo was de\'eloped 
by Tarboton (1997); in thi s approach each gridcell is divided 
into tri angul a r face ts, and upstream area is partiti oned 
between two receiving cells according to the angle of steepest 
descent. The m e thod performs simil a rly to the multiple-di
rection method with reduced disp ersion. Ta rboto n's results 
demonstrate thi s point: the drainage morphology derived 
from both is similar, but images resulting from Doo calcul a
ti ons are sh a rpe r. In onc compa rative tes t, though , Doo 
fa iled to reproduce proper symmetry that the multipl e-di
recti on method captured Ciarboto n, 1997). For our purposes, 
wc choose th e multiple-direction method as a satisfactory 
compromise in tha t it cl early outperforms DB and is substa n
ti a ll y easier to program than Doo. Because we a re interes ted 
in qualitative dra inage morphology rather than qua ntit ati\ 'e 
discharge calcul a tions, thi s method is adequate. VVe have per
formed the same calculations using the D8 method and find 
that our conclusions remain una ltered, despite the fact that 
wc beli e\'e it is a n inferi or representation of a hydraulica lly 
diffusi\'C glac ier bcd. 

Upstream a rea is computed for a range of notation frac
tions by repeated sweeps in four directions, a ll owing areas 
to cascade down from g ridcel ls o f high potenLi a l to those of 
lower potenti a l. R csults for Pw / A = 0.5 and P", / Pi = 1 a re 
shown in Fig ure 10. DE Ms with squa re 20 m gridcclls a rc 
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Fig. la. Upstream area distributions governed by hy drauLic po 
tentiaL. ( a) Pw / A = 0.5. ( b) P", / A = I. PLots are pre
sented as Logarithms qf upstream area to remove the 
overwheLming downsLo/Je trend. Upstream area is possibly an 
indication qf basin drainage morphology> O1;J01" a particuLar 
Location> a pro);} fo r hydraulic connection /Jrobabili!y. Bright 
areas represent preferential waterf low paths or areas of high 
connection probability T he boy indica ting our stud)! area is 
detailed in Figure 11. 

used in both cases. Additiona l tes ts were done with DE M s 0 (" 

5 a nd 10 m resolution to elucidate any grid sensitivi t y in our 
method; spatia l patterns obta ined were \'i sually indistin
g ui shable in a ll three cases, demonstrating the robustness 
of thi s method under our working g rid geometry a nd resolu
tion. In describing these results, we refer to water tra nsport 
a nd drainage pa tterns as interpre ted from the reali zations 
of upstream a rea. This terminology is justifi ed insofa r as 
the e results represent water-Oow probability distributions. 
We do not use terms such as di scha rge, which imply qua nti
tative knowledge, since we cannot, in general, compute Oow 
volumes; thi s is poss ible only if a constitutive equa ti on is in
voked to rel ate wa ter-equivalent thickness to subg lacial 
water pressure, a rel ati onship which necessarily dep cnds 
on the subglacia l medium but is not in the spirit of the 
present geometrical a na lysis. 

In Figure 10, brightness indicates high values of up
stream area, and thus hydraulicall y favourable pathways in 
our interpretation. Results a re presented as logarithms of 
the original calculati ons to remove the overwhelming 
downslope trend which obscures de ta ils. Shaded a reas a re 
hydraulicall y resistive. In the case where Pw / A = 0 .5 (Fig. 
lOa ), both ice and bed topography exert strong controls over 
the predicted drainage morphology. The res ult is a sys tem 
dendritic in cerla in a reas, diverting fl ow around rel a tively 
sma ll-scale obstacles and spreading out in to a uniform dis
tribution in others. This arises because the bed is predis
posed to unconfined distributed drainage, rather than 
channeli zati on. One notable exception is the confluence 
suggested at the eastern margin where a maj or outl e t devel-
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ops, the result of a d ep ression between the two bedrock 
ridges. Important to note is the discontinuity of drainage 
betwcen the upper a nd lower basins (west a nd east). The po
tenti a l fo r ponded wa te r is indicated by light areas sur
rounded by dark (hydraulic barri ers). Such an a rea is 
easily \ 'isible in the upper basin where wa ter is co llec ted 
from sevcral tributari es but Oow is interrupted by prohibi
tive topography. These a reas have potenti a l glaciological 
significance as water-storage locati ons. \ Vithout an effi cient 
connec tion between the upper and lower basins in this case, 
there is no obvious o utlet for water entering these depres
sions. A further interesting feature of thi s upstream area dis
tribution is the fact that no significant channclization occurs 
in the vicinity of the study a rea, suggesting distributed, inef
fi cient fl ow if water pressure is low. 

For the case of full flot a tion (P".j Pi = 1), the upstream 
area distribution changes significantly, Water is channelized 
beneath the ice along a d own-Oow axis with a southeast ex
cursion as it exits the upper basin avoiding a la rge bedrock 
obstacle, This axis then bends northeast back into the 
centra l a rea of the lower b asin through the study area. M ost 
importa ntly, it is the ice-surface slope tha t is sufficient to 
drive wa ter from the overdeepened upper basin to the lower 
reaches of the glacier a nd establish the hydraulic connection 
that was missing at low watcr press ures. The qualitative dif
ferences between these two cases (high and low water pres
sures ) is in accord with o ur specula tions based on the 
hydraulic potenti al distributions (Fig. 9); drainage tends to 
be distributed and less confined at low water pressures, 
while high water pressures carry the influence of the ice sur
face a nd lead to more cha nneli zed morphologies. As the 
water enters the lower b as in where bed and surface slopes 
are mild, the intense cha nneli zation is interrupted by two 
areas of distributed wa ter. The urst interruption diverts 
some wa ter Oow to the southern termina l lobe. This wa ter 
anastomoses before converging again into a single channel 
tha t ex its the glacier. The second hydraulic interruption 
occurs further down-flow in the centre of the basin ve ry 
near o ur study area. H ere again the Oow paths eventua lly 
reconverge with a few tributaries between the bedrock 
ridges and emerge a t the extreme end of the centre lobe. 
These results could be substantiated or refuted if there were 
subglacia l outlets where wa ter discha rge could be measured , 
but because sediments a t the margin of Trapridge Glacier 
a re frozen, there is no obse rvational ev idence of subglacia l 
drainage issuing from the ice- bed contact. Thus we infer 
that discharge gener a ll y occurs through the subsurface 
where it is difficult to d e tect. 

Given the purely geometric nature of this analysis, we 
acknowledge that it is no t generally applicable to a ll sub
glacia l environments. We begin with a simple ass umption 
(uniform water-pressure di stribution) th at we beli eve ade
quately represents a g iven hydrologica l sta te at the bed, but 
do no t address the m echanisms that m ay have broug ht 
about its development. M a ny processes in a n open system 
are likely to im'alida te thi s ass umption. For example, it has 
been shown that englacia l routi ng can del iver large volumes 
of surface melt to the bed , a nd in some cases transport the 
water over significant horizontal distances before releasing 
it (Fo untain and Wa lder, 1998); for a system where englacia l 
transp ort of surface wa ter is sufficient to m aintain spa ti a l 
pressure g radients a t the bed, this type of ana lysis may be 
inappro priate. Furthermore, while results in Figure lOb sug
gest a uniaxial dra inage m orphology a nd p erhaps a poten-
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ti al locati on for the development of a conduit, thi s anal ys is 
takes no a ccount of deta iled subglacial physics such as is ap
propria te fo r Rothli sberger or Nye channels o r for cana ls as 
proposed by Walder a nd Fowler (1994). Indeed the inter
action of a subglac ia l water sheet and conduits wo uld ce r
tainl y preclude the poss ibility of susta ining uniform wa te r 
press ures a t the bed ove lO short time-scales. The channel sug
gested in Figure lOb is 60- 80 m wide a nd interpreted as a 
preferentia l fl ow path through permeable sediments rather 
than a channel incised in rock or ice, because the drainage 
of Trapridge Glacier is be ller charac terized as a diffusive 
Darcia n system than as a network of conduits (Stone, 1993). 
In essence, thi s analysis is a way of iso la ting the hydrological 
effec ts of ice-surface a nd bed geometri es tha t will undoubt
edl y not refl ec t the true complex ity of the dra inage network 
but wi II n evertheless modul a te its development. 

Despite these caveats, we attempt to predict changes in 
connection probability in our study a rea with water pres
sure, if upstream area can be used as an a dequate proxy fo r 
thi s. Such behaviour has been documented at Trapridge 
Glacier by Murray and Clarke (1995) who identifi ed a reas 
of th e bed that were hydraulically connected during period s 
of high pressure and became isolated a t low pressures. vVe 
now examine our borehole-drilling records in an effort to 
cha racteri ze the spati a l connecti on probability of the 
glacier bed . 

Borehole conneetion record 

Hot-water drilling has proceeded at Trapridge Glacier since 
1980 a nd a log has been m a intained to record drilling obser
vations, i ncluding th e connection sta tus of each hole 
(whethe r hydraulic communicati on was es tabli shed at the 
base of the g lac ier, i nd icated by a rapid drop in bore hole 
water levcl ). \Ve use this information from borcholes drill ed 
between 1989 and 1997 to construct an average connecti on
probability map of the study a rea. Figure Il a m aps the bore-
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Fig. 11. Comparison ofborehole COIl17ection prohahility and IIp 
stream area distributions Jar the study area. (a) DriLLing 
observations, 1989- 97, used to derive connection probabilities. 
( b) Connection probability distribution Jor 20 m gridceLLs 
obtained by kriging. The box indicates the m'ea of highest CO /1-

nection probability predictedJrom bore/zole da ta, and appears 
in ( c) and (d) Jor sjJatial co171jJarison. (c) Upsl ream area 
distributionJor Pw/ Pi = 0.5. ( d) Upstream area distribu
tionJor Pw / Pi = I. Note l/7e difference in shading scales in 
( c) and ( cl). 

Flowers and Clarke: Trapridge Glacier slIrface and bed topography 

hole locatio ns within the study a rea and indicates the con
nection status o f each. From the intermingling o f connected 
and unconnec ted holes, the extreme spatial a nd temporal 
heterogeneity of bed hydrology is evident. From these data 
we genera te a n interpolated connection-probability map 
(Fig. llb) using the stati stical kriging method we have des
cribed in thi s p aper. For comparison with terra in a nalysis 
results, we choose 20 m gridcell s; such low reso lution ob
sc ures the sha rp heterogeneity of Figure ll a, but indicates a 
region of high connection probability (bright ) in the centre 
of the sLUdy area. This could be due to fac tors o the r than ice 
and bed topog raphy, such as la terally ex tensive cracks near 
the base or the ice or continuous presence or permeabl e sedi
ments. 

Not surprisingly, neither upstream a rea ca lcula tion pre
dicts the de ta il ed connection p robability very well. Bearing 
in mind that the study a rea is the only location where we 
have successfull y drill ed connected holes on Trapridge 
Glacier, the fact that most of the water flow is predicted to 
be routed through this area (espec ially in th e case 
?II" / R = 1) is remark able in itself Furthermore, we note 
that the conn ecti on "hot spot" in the centre of the region is 
slightly better predicted by the upstream area di stribution 
for Pw / P; = 1 tha n for any o ther distribution resulting from 
Pw / R = 0.1- 0.9, including Pw / P; = 0.5 shown here. The 
difference in brightness scales in Figure 11 between panels c 
and d, chosen to emphasize contra ts within each panel, 
suppresses the ev idence that the high-water-press ure regime 
focuses a g rea te r fraction of the total Oow throug h the study 
area tha n d oe." the low-pressure regime. Thus abso lute 
values of upstrea m a rea in the study region a nd in the hot 
spot are much higher when Pw / P; = 1. Because our drilling 
reco rds a rc based on observa tio ns made in the m idst of the 
melt season, it is sensible tha t Pw / R = 1 comes closer to 
capturing thi s feature than Pw / P; = 0. 5. 

CONCLUDING REMARKS 

\Ve have presented here a sta Li sti call y reli able me thod for 
interpolating a nd ex trapolaLing spati all y irreg ular data 
onto a grid useful for hydrolog ical and other model s. \ Ve em
phasize the impo rtance of carefully performing the geosta
ti stica l a na lys is before the interpolation, a nd caution 
against uninfo rmed use of krig ing or other interpolati on 
packages, esp ecially in cases where constraints on the res ults 
(e.g. borehole depths) are no t ava il abl e. Th e rewa rd for 
doing the stati stics is the ability to provide custom informa
ti on about each d a tase t to the interpolator, and hence obtain 
confident estim ates of surface a nd bed topography. 

Predi ctions based on derived geometric qua ntiti es a fford 
in ight into the basin-scale dra inage structure orthe glac ier 
(both metri cs, hydraulic po tenti a l surface a nd upstream 
a rea, predic t preferenti a l dra inage through the tudyarea), 
but are unabl e to account ri goro usly for detail ed vari ati ons 
on scal es relevant to predicting the res ponse of borehole 
water-press ure transducers. Therefore, some features of the 
drainage clearl y a rise from topographic g radients of the ice 
and bed, but o ther eflect such as sediment permeabilit y and 
distribution must exe rt an equally strong influence in cer
ta in areas. 

With DEMs now available for TJoapridge Gl acier, one 
new datase t is a dded to the sma ll coll ecti on of complete geo
metric da ta ava il a ble for a lpine glaciers, which includes, 
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among others, DE1tls for South Cascade Glacier, Was hing
ton, U.S.A. (Fountain and Jacobel , 1997), H aut Glacier 
d'Arolla (Sharp and other , 1993), and Storglaciaren, Swe
den (Bjornsson, 1981 ). Complete datasets are spa rse despite 
the long sc ientific hi story of alpine glaciology, yet if accom
panied by surface-velocity data, they provide important 
constraints for ice-flow modelling such as that undertaken 
by Bl atter (1995), O. Albrecht and H . Blatter (personal com
munication, 1998) and Hubbard and others (1998). Such 
models can make sign ificant contributions to ou r under
standing of stress distribution in ice and the imporLa nce of 
various glacier fl ow mechanisms. For hydrological models 
these DEMs are required inputs, a nd we have shown that 
geometric quantities derived from them can be used as me
soscale hydrological predictors. Detailed understandi ng of 
the hydrau lic connectivity of the glacier bed and therefore 
of instrument signals awaits a model that includes subglacial 
physics. A comparison between modelled and purely geo
metric results should prove enlightening. 
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