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ABSTRACT. Glacier mass balance is estimated for South Cas-
cade Glacier and Maclure Glacier using a one-dimensional re-
gression of mass balance with altitude as an alternativeto the tra-
ditional approach of contouring mass balance values. One attrac-
tivefeatureof regressionisthat it can be applied to sparsedatasets
where contouring is not possible and can provide an objective er-
ror of the resulting estimate. Regression methods yielded mass
balance values equivalent to contouring methods. The effect of
the number of mass balance measurements on the final value for
the glacier showed that sample sizes as small as five stakes pro-
vided reasonable estimates, athough the error estimates were
greater than for larger sample sizes. Different spatial patterns of
measurement locations showed no appreciableinfluenceon thefi-
nal value aslong asdifferent surface atitudeswereintermittently
sampled over the dtitude range of the glacier. Two different re-
gression eguations were examined, a quadratic, and a piecewise
linear spline, and comparison of results showed little sensitivity
to the type of equation. These results point to the dominant effect
of the gradient of mass balance with altitude of alpine glaciers
compared to transverse variations. The number of mass balance
measurements reguired to determine the glacier balance appears
to be scale invariant for small glaciers and five to ten stakes are
sufficient.
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Introduction

When starting a program of surficial mass balance
measurements on aglacier, the question inevitably
arises regarding the number of observation points
required to estimate reliably the yearly mass
change. For small alpine glaciers (<20 km?), typi-
cally stakes are placed in a pattern that provides a
more or less even distribution of points over the
surface (@strem and Brugman 1991). On larger
glaciers (>20 km?) stakes are typically placed
along longitudinal profilesto measure the altitudi-
nal distribution of accumulation and ablation.
Thesedistributions are governed by the general be-
lief that a complete and evenly weighted spatial
representation is required to assess variations in
mass balance. Variationsinclude accumul ation dif-
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ferences due to direct snow fall, avalanches, and
wind distribution, and include ablation differences
due to topographic shading and loca sources of
dust that reduce surface albedo. The desired distri-
bution is necessarily modified by the realities of
surface conditions (steep slopes or highly cre-
vassed) and available resources, either of which
may limit the number of observation sites. An ex-
ample of the effect of available resources is that,
very small glaciers tend to have a denser network
of observation points(MaclureGlacier, 0.2km?, 38
points, 190 points’km? Tangborn et al. 1977) than
bigger glaciers (e.g. Wolverine Glacier, 17 km?
Meier et al. 1971). Furthermore, on large glaciers,
because of limited resources, alongitudinal profile
of observation sites is established to assess the
dominant effect of atitude on accumulation and
ablation, at the expense of the lateral variations,
which are considered secondary. How do we know
when our sample size of observationsissufficient?
A similar question is faced by on-going pro-
gramswhich may want to reduce the number of ob-
servation points. After measuring the mass balance
for anumber of years the experienced glaciol ogist
beginsto recognize spatia patterns and eliminates
what appear to be redundant observation points.
This change reduces the cost of basic data collec-
tion and increases the time available for other re-
search studies. However, the apparent redundant
information lost may be significant for yearsof un-
usual patterns of accumulation and ablation. How
many observation points can be eliminated?
These considerations are linked by two basic
and interrelated questions. First, how many stakes
are required to estimate the yearly mass balance?
This is an important question in these times of fi-
nancial constraints on glacier programs. Second,
what is the resulting error in our mass balance es-
timate? This second question is critical to reliabil-
ity of massbalance calculationsfor estimating gla-
cier response to climate and glacier effect on re-
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gional water suppliesand global sealevel. Consid-
ering that glaciers are constantly evolving towards
an equilibrium condition of zero mass balance, an
assessment of errorsisfundamental to determining
the sign (+/-) of the balance as well as its magni-
tude. In thislight, it is surprising that many mass
balance programs do not apply a rigorous error
anaysis. These two questions are interrelated be-
cause, asone can imagine, thereisno oneright an-
swer to the first question, but rather it depends on
the acceptable size of the resultant error.

Perusal of the glaciological literature provides
little guidance on the required number of mass bal-
ance observations and resulting errors on the mass
balance estimate. One of thefirst reportsto address
this issue was Campbell (1969). He addressed an
erroneousopinion, whichisstill current, that afixed
density of mass balance observations per unit area
isthe only statistically reasonable solution for cal-
culating massbalance accurately. Thisapproach, of
course, assumes that all glaciers are small apine
glaciers and ignores the vast range of glacier sizes.
A sampling density of one observation per square
kilometer is too low for apine glaciers with areas
of <1 km? (e.g. Andrews Glacier, Front Range,
Colorado, USA) and too high for ColumbiaGlacier
of coastal Alaska, USA, with an area of 1100 km?.
Campbell’sanalysisused basic statistical theory, to
determine the number of mass balance observa
tionsrequired to insure, with some degree of prob-
ability, that the mean of the observed values lies
withinacertain deviation of thetrue mean. Thisap-
proach, as Campbell pointsout, is applicableto ar-
easontheglacier wherethemassbalancevauesare
independent and normally distributed.

Lliboutry (1974) examined the statistics of point
mass balance measurements and derived a linear
model to account for independent spatial and tem-
poral variations. This approach iswell founded in
empirical studies that observe relatively constant
spatial differences between stakes, but a temporal
offset inmagnitude of all stakes(Meier 1962; Mei-
er and Tangborn 1965). The model was successful -
ly applied to a set of mass balance measurements
in the ablation zone of Glacier de Saint Sorlin cov-
ering an area of about 1 km? and an altitude range
of about 200 m. However, the model was not used
to estimate the number and positioning of stakes,
nor to estimate the error of the mass balance of the
glacier. Lliboutry pointed out that one of the most
restrictive assumptions in his theory was that the
errors between the model results and observations
were normally distributed.
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Funk et al. (1997) applied Lliboutry’s approach
to themass balance of Griesgletscher, Switzerland,
to determine whether the number of spatial meas-
urements could be reduced. They found that the
differences between the model and measurements
better approximated a random distribution if the
accumulation and ablation zones were treated sep-
arately. To estimate mass balance of thewholegla-
cier a kriging routine was used to interpolate the
spatial factor inthe equation from specific pointsto
theentire surface of theglacier. Thesignificant cor-
relating factor in the kriging interpolation was al-
titude, in line with many previous empirical inves-
tigations on the changes in glacier mass balance
(e.g. Paterson 1994). Once the coefficientsin Lli-
boutry’s linear mass balance model are deter-
mined, the number of measurement points can be
reduced because the spatial changes are assumed
independent of time (Lliboutry 1974) and only a
few pointsarerequiredto estimatetemporal chang-
es. The data set was reduced to six measurement
sites (three in the accumulation zone and three in
the ablation zone) with little reduction in accuracy.
Funk et al. (1997) concluded that a high spatial
density of measurementsisrequiredto obtainare-
liable interpolation function and, once this func-
tion is determined, the spatial density can be re-
duced.

Cogley (1999) examinestheeffect of correlation
among mass balance measurements on a glacier.
He found that the measurements closest to each
other in altitudewere highly correlated and the cor-
relation decreased with increasing elevation differ-
ences. Thisimpliesthat any given measurement is
indicative of the region around it and making more
measurements in the vicinity will not necessarily
add new information. Oneimplication of thiswork
isthat dense networks of glacier measurementsare
probably not necessary and a reduced network,
based on the correlation distance among measure-
ments can be implemented.

In this paper we focus on two goals. (1) deter-
minethe quality of regression methodsfor estimat-
ing average glacier mass balance compared to the
traditional technique of hand-contouring maps of
mass balance variations; (2) examinethe effects of
sample size and the spatial distribution of observa-
tions on the resultant magnitude of mass balance
and itserror. Our approach differsfrom Funk et al.
(1997) inthat, rather than starting from Lliboutry’s
(1974) approach, which presupposes a network of
measurement sites fixed in space and assumes that
the errorsin the network are random, we acknowl-
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edge and incorporate the dominant effect of alti-
tude on mass balance. We also differ from Cogley
(1999), who examines the correlation between
measurements and their altitude difference and
their effective area of representation, by modeling
mass balance as a function of altitude. One of our
results will show that we are consistent with Cog-
ley’sand Funk et al. s conclusion that dense meas-
urement networks are not necessary.

Approach

For most alpine valley glacier environments mass
balance is strongly correlated with atitude. The
physical processisreadily understandable because
cooler temperatures with altitude increase snow
fall and decrease ablation, in this case melting and
sublimation. Although the specific form of the re-
lation between mass balance and altitude is com-
plicated by the meteorol ogical environment andlo-
cal topography, the correlation and physical ration-
ae of the two are undisputed (Paterson 1994). Ex-
ceptions to this generalization include alpine
glaciers that are wider than their length or where
wind redeposition is of similar magnitudeto direct
snowfall (Chinn 1985). However, evenin these sit-
uations mass balance is mildly correlated with al-
titude. Therefore, weexplicitly usethiswell found-
ed knowledge and assume to the first approxima-
tion that mass balance varies with altitude alone,

B = %j b(2) dS @

whereB isthe specific balancefor theentireglacier
expressed as meters of water equivalent (m weq),
A isthe total glacier area, the integral is over the
surfaceof theglacier, S and b(2) isthe specific bal-
ance as afunction of atitude where zisafunction
of (x,y) over the glacier’'s surface. The function,
b(2), is estimated by a least squares fit between
point measurements of mass balance and altitude.
From the least squares fit, a standard error is cal-
culated which is used to determine the error of the
final mass balance valuefor thewholeglacier. The
statistical details of this approach are included in
the appendix.

To examine the effect of sample size and meas-
urement |ocation on the estimate of mass balance,
data points are removed from the sample and a
curveisfitted to the remaining data. Theoreticaly,
one might consider randomly choosing points over
the surface of the glacier to include in the regres-
sion, but the measurements could be clustered in
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oneregion (altitude band) of the glacier rather than
distributed over the full extent of the glacier'sele-
vation range. From a practical perspective we
know that more positive balances occur at the head
of the glacier and more negative balances occur
near the toe. Therefore, the pragmatic approach is
to distribute the measurements over the atitude
range of the glacier. This does not imply that the
distribution of mass balance measurementsis uni-
form over the glacier surface and leaves much
room for different sampling strategies. This ap-
proach has an advantage over hand-contoured
maps in that an error is objectively determined.
This becomes particularly important when fewer
and fewer stakes are used, precluding the construc-
tion of a contour map whether by hand or by two-
dimensional trend analysis.

Application

The analysis was applied to two glaciers. South
Cascade Glacier, North Cascade Range of Wash-
ington, USA (48°21'N 121°03'W), isavalley gla-
cier flowing from one of the high ragged ridgesand
into adeeply incised valley typical of much of the
topography in thisregion. At the time of the meas-
urements, theglacier was2.9km?in area, about 3.5
km long, and ranged in atitude from about 1600 to
2300 m with an equilibrium line altitude at about
1900 m. Winter balance averaged about 3.1 m wa-
ter equivalent (weq) (Meier et al. 1971). Maclure
Glacier, located in the SierraNevada M ountains of
California, USA (37°24'N 119°10'W), is a small
cirqueglacier (0.2 km?) located near thecrest of the
range (Fig. 1). The glacier was about 0.5 km long,
ranged in atitude from about 3570 to 3790 m with
an equilibrium line atitude of about 3650 m. The
winter balanceisabout 2.3 mweg. (Tangborn et al.
1977).

The mass balance datafrom thetwo glaciersare
yearly net mass balance using the combined strati-
graphic and fixed-datessystems(Mayo et al. 1972)
derived from accumulation and ablation measure-
ments made at stakes drilled into the glacier sur-
face. The estimated value of total glacier massbal-
ance was cal culated from a hand-contoured map of
interpolated values across the glacier surface. The
details of the mass balance methodology and re-
sults are summarized in Meier et al. (1971) and
Tangborn et al. (1977). These two glaciers were
chosen because for severa years they each had a
large number of point mass bal ance measurements,
peaking at 38 on each glacier, and the area and
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Fig. 1. Location map and rel ative sizesfor South Cascadeand Ma-
clure glaciers. The scale bar applies to both glaciers. The shaded
areas on the map highlight the mountain rangein which each gla-
cier islocated. South Cascade Glacier islocated in the North Cas-
cade Range and Maclure islocated in the Sierra Nevada Range.

point density of the glaciers differ by an order of
magnitude, 2.9km? (13 stakeskm-?) for South Cas-
cade and 0.2 km? (190 stakes km?) for Maclure.
Therelatively high density of mass balance obser-
vations allows us to observe the effect of reducing
thedensity and atering the spatial patternonthere-
sulting mass balance value for the entire glacier.
We compare our estimates of glacier mass balance
to the original mapped values calculated by Meier
etal. (1971) and Tangborn et al. (1977). Thevaues
of mass balance at each stake are expressed as me-
ters of water equivalent (m weq).

To describe the variability of mass balance with
altitude we used two models, a quadratic model

b(2) = B,+ B,z+ ﬁ222+£ (2)
and apiecewise linear spline with weighted errors

EB()+ ,Bl(Z'Zo)"'Wlf, Z < 7,01
b(z) = O 0 3
Bot Bo(z-20)+ W2E, Z 2 2

In each model, 3 is a constant estimated by the
least squaresfit, zisthe atitude of the glacier sur-
faceandisafunction of (x,y), z,isadatum atitude
used to scale the magnitude of the altitudes about
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0 for amore robust statistical evaluation of the er-
rors, and € is the random error about the fit.

The quadratic equation was used because this
simple polynomial appearsto describe many mass
balance—altitude curves (see Meier et al. 1971 for
examples) and has been used previously to model
mass balance with altitude (Konovaov 1987,
Tangborn et al. 1990). The piecewise-linear spline
was used to explore the effect of a different model
on estimated mass balance. In addition, weights
were included in the spline to explore the effect of
non-constant error variances on estimated mass
balance. Measurement error may differ depending
on whether the accumul ation zone or ablation zone
is being sampled and we wanted to examine possi-
ble effects from such differences.

Data sets

For South Cascade Glacier we used the 1965 (38
points) and 1966 (24 points) datafrom Meier et al.
(1971) and the 1968 (25 data points) data from
Tangborn et al. (1977). For Maclure Glacier we
used the 1967 data from (Tangborn et al. 1977),
which had 38 observation points.

Results
South Cascade Glacier

The stake distributions for the years 1965, 1966,
and 1968 are shown in Fig. 2. The stakes cover the
glacier in arelatively even distribution with a gap
near themiddlewherealargeicefall ispresent. Us-
ing the quadratic equation and all the stakes for
each year, the comparison between the estimated
and mapped valueisshownin Table 1. A plot of the
quadratic curve and measured mass bal ance points
is presented for 1965 in Fig. 3.

The errors for the mapped and estimated values
aredifferent. For the mapped value, theerror ises-
timated from the field measurementsfor each stake
and assumed the samefor all stakes. No estimate of

Table 1. A comparison between estimated and mapped value for
mass balance of South Cascade Glacier. The root mean squared
error isalso shown (+).

Number  Mappedvalue Estimated Difference
Year  of stakes (m weq) (m weq) (mweq)
1965 38 -0.17+012 -013+0.12 +0.04
1966 24 -103+012 -1.08+0.22 -0.05
1968 25 0.01+012 0.00£0.33 -0.01
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1965

1966

2 g

1968

L ¢

Fig. 2. Stake locations on
South Cascade Glacier for
three different years.

1000 m

the error from contouring the mass balance data
was made. For the estimated values, the error is
based on the 95% confidenceinterval, as described
in the Appendix. The resulting values of mapped
and estimated mass balance are close to each other
and the difference between thetwo is at least afac-
tor of two smaller than the smallest error.

Effect of sample size. To determine the effect of
samplesize on the estimated val ue of massbalance
for the glacier, using Equation 1 and the quadratic
Equation 2, stakes were selected from the total
population in increments of five up to the tota
number of observations available. Sets of lessthan
five were regarded as too small for the regression
technique. Within each sample size category, dif-
ferent groups of stakes were selected according to
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Fig. 3. An example of the quadratic equation fit to all the stakes
measured in 1965 on South Cascade Glacier. The abbreviation,
weq, iswater equivalent of snow or ice.

the practical strategy of covering asmuch of theal -
titude range of the glacier as possible. The results
are presented in Fig. 4 where the estimates and
95% confidence intervals are plotted against the
number of stakes.

Two features are immediately apparent. First,
the confidence interval decreases with increasing
sample size, and second, the predicted mass bal-
ance values using the smaller data sets are gener-
aly close to the value using the whole data set.
Smaller data sets produce more variancein the es-
timates and exhibit larger confidence intervals.
Given afixed upper limit to the number of stakesa
smaller sample can berearranged in many different
ways compared to a larger sample. From another
perspective, different sets of large samples contain
many of the same stakes and the relatively few
stakes that are changed have comparatively little
influenceontheresult. A reasonfor thecomparable
mass balancevaluesfrom different samplesizesre-
sults from the stake selection, which was not ran-
dom, but instead was designed to obtain a reason-
abledistribution with atitude. Within thisdistribu-
tion attempts were made to select stakes more-or-
less randomly across the glacier width. We found
no consistent influence of the lateral variation in
mass balance on the value of total mass balance of
the glacier. This result indicates that the mass bal-
ance gradient with altitude exerts a much stronger
influence on the total glacier mass balance than do
lateral variations.

Table 2 summarizes the data presented in Fig. 4
and shows that the mean difference between the
mass balance estimate using all stakes and the es-
timates based on smaller sample sizes shows no
consistent relation. The root mean squared error of
theestimatesgenerally increaseswith smaller sam-
ple sizes.
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Fig. 4. The difference between the mass balance calculated from
samples of different sizes and that calculated from all the stakes.
Theerror bars represent the 95% confidence intervals. The slight
spreading of points was introduced to avoid overlap. The mass
balance value in the upper right hand corner is the mapped mass
balance estimate by the original authorsof themassbalance study.
The abbreviation, weg, is water equivalent of snow or ice.

Effect of sampling location. Tests were run with
different stake arrangements to determine if some
arrangements estimated the mass balance better
than others. In test runs of setswith five stakeswe
tried a pattern of two stakes in the ablation zone,
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Table 2. Mean difference from mass balance estimate using all
stakes and root mean squared error of estimates computed. The
root mean squared error is also shown (+).

1968 Mean
difference (m)

1966 Mean
difference (m)

Number 1965Mean
of stakes  difference (m)

5 -0.32+ 041 0.00+0.15 -0.01+0.17
10 -0.10+ 0.22 -0.01+0.23 -0.11+0.23
15 0.07+0.13 -0.05+0.09 0.00+0.13
20 -0.07+0.13 -0.01+0.05 -0.03+0.10
30 -0.01+0.05

one near the equilibrium line, and two stakesin the
accumulation zone to try and capture ameasure of
the natural variance in mass balance values, but
thesetestsresulted inlarge differencesin massbal-
ance values. The differences between the curves of
mass bal ance with atitude (not shown) of the more
evenly distributed stakes with elevation and the
emphasis on the upper and lower ablation zones
waslargest inthe central portion of theglacier. The
distribution of glacier area with dtitude for South
Cascade Glacier is greatest around the central por-
tion of the glacier and decreases towards the upper
and lower ends. Thus, this distribution of areaen-
hanced the errors incurred in not properly deline-
ating the trend of mass balance with altitude.

Therunsusing sets of five stakeswe present here
arethose that are arranged in alongitudinal fashion
up the glacier. We selected stakes without regard to
their lateral position across the glacier. We found
that thelateral position did not influencethe estimat-
ed value of mass balancein any consistent way. For
sets with 10 and 15 stakes, three different patterns
weretried, including auniform scatter of stakes, two
parallel lines of stakes, and asingleline of stakesin
the ablation zone with auniform scatter in the accu-
mulation zone. Thelatter pattern wasinspired by the
observation that the mass balance seemsto increase
in anear-linear manner in the ablation zone and in
the accumulation zone a less strong relation be-
tween dltitude and massbalanceexists (Fig. 3). This
pattern is common to the three years of data. None
of these different sampling strategies consistently
improved the estimated mass balance. The number
of cases analyzed for each pattern and for each set
size varied from two to seven. Although this small
test is not statistically robust and many more cases
from other yearsat South Cascade or from other gla
ciersneedto betested, it suggeststhat thereisnosig-
nificant difference in mass balance estimates from
changing latera placement of the stakes.
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The data were aso examined to determine
whether some stake locations were particularly
poor or good in estimating total glacier mass bal-
ance. The suitability was determined by the devia-
tion of the stake measurement from the quadratic
curvefittoall points. Those stakesthat deviated by
more than 0.5 m weq from the curve were consid-
ered ‘ poor’ and thosethat deviated lessthan 0.25m
weq from the curve were considered ‘good’. Al-
though we found ‘good’ and ‘poor’ stakes they
were not representative of an area on the glacier.
For example, we found ‘good’ and ‘bad’ stakes
along the glacier margin, in the center, in the accu-
mulation zone and in the ablation zone. Moreover,
we did not find any consistency between years.

Effect of eguations. In addition to the quadratic
equation (Equation 2), a piecewise linear spline
(Equation 3) was chosen because the data could be
modelled by two straight lines. Also, the effect of
different weights on the data for the accumulation
zone and ablation zone could be investigated. Al-
though the errors given in Meier et al. (1971) are
constant for all stakes, we applied aweight of 1 for
the ablation zone and [2]Y2 for the accumulation
zone, giving the latter twice the variance of the
former. An example of the piecewise linear spline
isshowninFig. 5. Table 3 showsthat the piecewise
linear estimates, both weighted and unweighted,
yield results nearly equivalent to those from the
quadratic equation (the unweighted case is ob-
tained by setting w; =w, = 1). Weighted regression
was also tried for the quadratic model (not shown)
and yielded results quite similar to the unweighted
model. Likethe resultswith the quadratic equation
aone, the standard error decreases with increasing
sample size. For the spline equation, theinvestiga-
tor needs to define the location of the break point
between the linear segments of the spline. For the
case that included all points, the location of the
break point producing the best fit coincided with
the equilibrium line altitude. However, theresultis
not particularly sensitive to the location of the
break point.

Maclure Glacier

The splineand quadratic equationswere applied to
Maclure Glacier to test our approach on adifferent
glacier. Maclure Glacier is an interesting case be-
causeit isquite small (0.2 km?) and the 1967 mass
balance study (Tangborn et al. 1977) installed 38
stakes yielding a stake density of 190 stakes’km?.
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Fig. 5. Example of the piecewise linear splinefit to al the stakes
measured in 1965 on South Cascade Glacier. The abbreviation,
weq, iswater equivalent of snow or ice.

Also, because thisglacier isasmall cirque glacier,
the variance of mass balance in the transverse di-
rection ishigh and the atitudinal gradient isnot as
strong as South Cascade Glacier. Fig. 6 shows the
quadraticfit to all the stakesmeasuredin 1967. Im-
mediately apparent is the scatter of the points. Re-
sults of the quadratic and spline fits are shown in
Table 4. It isclear that the quadratic and spline es-
timates and errors are very similar to each other.
Doubling the variance for the weighted spline has
little effect on the result. In comparison to South
Cascade Glacier, theerrorsare higher as one might
expect from the variance of the datain Fig. 6. The
mapped value of the mass balance, based on the
hand-contoured map, is1.10 mweg, whichisclose
to the values given in Table 4.

To apply the spline and quadratic equations, we
assumed that the deviation from the curve (residu-
as), €, was uncorrelated white noise. Using likeli-
hood ratio tests as described by Vecchia (1988), we
tested for spatial correlation between theresiduals.
For the two data sets, the 1965 data from South
Cascade, and the 1967 datafrom Maclure Glacier,
no spatial correlation was found in €.

Table 3. Mass balance estimates for different sample sizes of the
1965 data for South Cascade Glacier using different equations.
The root mean squared error is aso shown ().

Spline Spline
Number Quadratic no weights with weights
of stakes (mweq) (m weq) (m weq)

5 -0.52+0.48 -0.52 + 0.43 -0.51+ 0.36
10 -0.36 + 0.26 -0.39+0.25 -0.40+0.23
20 -0.29+0.18 -0.28+0.17 -0.29+0.16
38 -0.13+0.12 -0.12+0.11 -0.12+0.11
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Fig. 6. Example of the quadratic fit to all the stakes measured on
Maclure Glacier in 1967. The abbreviation, weq, iswater equiv-
alent of snow or ice.

Discussion and conclusions

Application of regression equations, based on alti-
tude, to glacier mass balance data for the purpose
of estimating the total mass balance isarobust ap-
proach. The quadratic and piecewise linear spline
models produce similar results that are equivaent
to mass balance val ues estimated by the traditional
mapping approach. The effect of stake number,
down to five stakes, shows surprisingly little vari-
ation about the mapped value of mass balance.
Such little variation probably results from the
strong dependence of mass balance on atitude and
the small transverse variation. However, the error
increases with decreasing sample size. We con-
cludethat theregression approach can be used with
all samplesizesdownto fivestakeswith decreasing
reliability.

From our analysisof threedifferent yearsof data
from South Cascade Glacier and one year of data
from Maclure Glacier, we conclude that five to ten
stakes per glacier are suitable for small alpine gla-
ciers(c. <10km@). Thisresult supportsthat of Funk
etal. (1997) who found six stakeswere suitablefor
Griesgletscher (6.2 km?). Increasing the stake
number will decrease the root mean squared error

Table 4. Mass balance estimates for different sample sizes using
different equations and the 1967 data for Maclure Glacier. The
root mean squared error is also shown (+).

Spline Spline
Number Quadratic no weights with weights
of stakes (m weq) (mweq) (mweq)

5 152+ 0.48 150 + 0.47 1.61+ 049
10 152+ 041 152+ 0.42 151+0.43
20 1.23+0.29 1.22+0.30 1.23+0.30
38 1.28+0.24 1.28+0.24 1.30+0.23
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of the result but the actual value of the result will
probably not change appreciably. Thus, maximiz-
ing stake density is not necessarily an important
guide when assessing the appropriate number of
stakes on aglacier. This conclusion supports Cog-
ley (1999) who found a high correlation for stakes
within anarrow elevation band, implying that little
new information about the variance of mass bal-
anceis added by more stakesin close proximity to
each other. Taken together, these results strongly
indicate that only a small number of stakes are re-
quired to estimate the mass balance of aglacier. It
isprudent, however, to comparethe estimated mass
change over a number of years with that derived
from volume change estimates based on geodetic
methods (Krimmel 1989). Such a check is partic-
ularly important for glaciers with small stake net-
works to reduce the influence of year-to-year var-
iance in mass balance error on the total mass
change of the glacier.

Three different patterns of stake arrangements
showed little consistent effect on the estimated
mass balance. These patternswereintended to cap-
ture the variance of the stake measurements about
theregression linewhile maintaining adistribution
over thealtituderangeof theglacier. Thelack of in-
fluence of the stake pattern underscores the domi-
nating effect of the altitude gradient of mass bal-
ance. We also did not find any consistent patterns
of ‘good’ and ‘poor’ stake locations. We speculate
that avalanching and wind redistribution of snow
are the primary factors causing some stakes to be
worse indicators of glacier mass balance than oth-
ers. Because the stakeswere not placed back in ex-
actly the same spot every year, ‘good’ and ‘ poor’
locations can not be explicitly identified. The ap-
parent lack of persistence of ‘good’ or ‘bad’ areas
suggests that exact repositioning of measurement
sitesis not important and the choice of appropriate
stake locations, particularly important for small
sample sizes, isnot significant. Oneisleft with the
‘luck of thedraw’.

Two different regression equationswere used to
predict mass balance as afunction of atitude. Re-
sults showed that the estimated mass bal ance of the
glacier did not significantly change. The common
characteristic for al regressions was the ability to
include the change in mass balance gradient be-
tween the ablation and accumul ation zones. For the
piecewise linear regressions, the best fits had a
break in dlope that coincided with the position of
the equilibrium line atitude.

Theanalysisof MaclureGlacier, aglacier thatis
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an order of magnitude smaller than South Cascade
Glacier, showed striking similarities with regards
to effects of stake number and pattern on the final
mass balancevalues. Thisisaparticularly interest-
ing finding because one would naturally assume
that larger glaciers require more mass balance ob-
servations than smaller glaciers. Our results indi-
cated that the number of required measurements
may be scale invariant. From a stake density per-
spective, wesuggest that larger glaciersneed alow-
er stake density and smaller glaciersrequireahigh-
er one. We specul ate that the mass balance values
of cirque glaciers are highly variable due to edge
effectswhich are related primarily to avalanching,
wind redistribution, and, to alesser degree, to ab-
lation enhanced by re-radiation of energy and ad-
vection of heat from adjacent solar heated rock. To
quantify the variation adequately requires a higher
stake density than for larger glacierswheretheim-
portance of edge effectsis reduced.

There must be some upper limit to thisscalein-
variance or else we could monitor large ice sheets
with only five to ten stakes. From a mathematical
perspective, we havelimited our study to situations
where the changing mass balance with altitude can
be approximated by a relation that contains no
more than one curve (curvature of only one sign).
For mass balance—dltitude relations that are more
complex — containing multiple curves (curvatures
of different signs) —our approach requiresdifferent
equationsthan presented here. From aclimatic per-
spective, our approach appliesto glacia situations
where the relation of mass balance with atitude
changes only once at the altitude where the bound-
ary between the ice and snow is crossed. For large
glaciers exposed to different climates, which may
include radically different solar insolation values
or accumul ation rates (dueto differencesin precip-
itation and/or avalanching), the mass balance with
altitude relation changes multipletimes. In thissit-
uation we need to consider other spatial effectson
the glacier climate different from our simple focus
on dtitude alone. Similarly, the mass balances of
different partsof anicecap or ice sheet are affected
by their position relative to storm tracksin addition
to the effect of atitude, localized wind regimes,
and so on, which renders our simple one-dimen-
sional approach inadequate. Thus, we anticipate
that the apparent scale invariance breaks down for
situations that are not well described by the quad-
ratic or two-segment piecewise linear spline ap-
proach.

For estimating glacier mass balance, the regres-
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sion approach provides an excellent alternative to
contouring methods. The contouring approach by
an experienced investigator familiar with the local
nuances of spatial variations in mass balance may
provide abetter estimate of the mass balance com-
pared to regression methods. However, contouring
islimited to large data sets and an error estimate is
ambiguous. The regression approach has the ad-
vantage that it can be applied to small as well as
large datasetsand it providesan objective estimate
of theerror. Thislast pointis particularly important
because an error estimate of massbalancevaluesis
often lacking in the literature and it is particularly
crucia to glacier studies where values trend to-
wards zero.
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Appendix

Methods are presented for estimating the mass balance of aglacier based on point measurements of mass balance from stakes scattered
over the surface of the glacier. Thefirst section establishes some notation and the second section describes computational methods for
obtaining the estimates and associated confidence intervals.

Notation

A area of the glacier (in n?)

su specified locations on the glacier surface

z=1Z(s) dtitude of the glacier surface at location s (inm as.l.)
b(2) mass balance measurement at location z (in m weq)

p2 dtitude of the ith mass balance measurement (i = 1,2,....,n)
<f(2> = A'Jf(2dS averageof functionf(z) over the glacier surface

n number of point measurements of mass balance
B =<b(2> mass balance for entire glacier (in m weq)
H(?=1,ifz<z, indicator function for usein regression analysis, where z,isa
=0,ifz>z, specified dtitude.
e=¢(9) Gaussian, white noise spatial process with mean 0, variance g2 and correlation of [£(s), e(u)] =0 for s# u.
13y 31,3, linear regression parameters
Wy, W, weights used in regression analysis

Satistical Methods
Based on examination of the relation between mass balance measurements and altitude for the South Cascade and Maclure glaciers,
two model s were postulated for describing the spatial variability of b(z) over the glacier surface. Thefirst model isthe quadratic model

b(xy) = B+ B,z+ B, 7'+ ¢ (A1)
and the second model is the piecewise linear spline with weight errors
b(z) = B, + BH(@D) (2 - z0) + B,[1- H(DN(z - ) + {wH(D) + w: [1-H(D]}e (A2)

where Equation A-2 is equivalent to Equation 3, but written in aform that is easier for developing the methods of this Appendix.
Thegoal isto estimate the total mass balance, B, based on n observationsb(z), ...,b(z,). The total mass balance can be written using
Equation A-1 as

B. = B, + B, <z> + B,<ZA>+ <g> (A3)

where <z> is the average elevation and <z>> is the average squared atitude. The average elevation needs to be known. In this paper,
gridded altitude data were used to compute approximate values for <z> and <z2>. Similarly, the total mass balance using Equation A2
isgiven by

Bo = By + Bi<H@ (- 20)> + B,<[1- H@I(zZ - z)> + <wiH(2) + w. [1-H(9]e > (A4)

1t can be shown using standard methods from spatial statistics (e.g. Cressie 1991, Ch. 3) and the assumed statistical properties for the
spatial process, £(s), that the best linear unbiased estimate of mass balance corresponding to Equation A-3 is given by

B, = /30 + '/_§1<z> + [;2<22> (A5)

where, [30 ) [31 , and [32 are the ordinary least-squares regression estimates of the parameters using the quadratic model Equation A1.
The standard error of the estimate is given by

SE(B) = {GYA + X7 V¥ (A6)

where & isthe standard error of the regression, x is a column vector with elements (1, <z>, <x%>), superscript T denotes transpose, and
Visthevariance-covariance matrix of the estimated regression coefficients. Similarly, the best linear unbiased estimate of massbalance
for the piecewise linear model is given by

B, = B, + B<H@(Z - z)> + B,<[1- HDI(z - 2)> (A7)

where [;0 , [;1 , and /}2 are the weighted | east-squares regression estimates using the model Equation A2. The standard error of the es-
timate1s

SE(B,) = {67 (WA + WEA)A + X7 V2 (A8)
whereA, istheareaof theglacier below atitudez,, A, istheareaof theglacier aboveelevation z,, and xisacolumn vector with elements
(1, <SH@(z2)>, <[1-H(2)](z2)>)-

Theresults above can be used to compute confidence intervals (prediction intervals) for the mass balance. For example, a 95% con-
fidence interval is computed as follows

[B — t(0.025n-3) SE(B), B *+ t(0.025,n-3)E(R) ] (A9)

where t(0.025,n-3) is the 0.025 quantile of the t-distribution with n-3 degrees of freedom.
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