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In contras t , th e velocity-discha rge plot of Seaberg and 
o the rs (1988, fi g. 5) sugges ts closed-co nduit flow (Smart , 
198 I ), an in fe rence they disproved by considering h yd raulic 
g rad ient changes from a minimum (So) to max imum (SI ) 
and co rresponding discharge (Seaberg and othe rs, 1988 , 
p. 22 5). F igure I shows tha t lower minimum h ydraulic 
g radients (e.g . S 2) are poss ible , and can acco unt for 
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Fig . I . Sketch cross- section through S torglaciaren along lhe 
straight-line tracer roule ( from Seaberg and 01 hers . 1988. 
f ig. I ) . 

o bse rved varia tIOns in discharge. For example , if S2 were 
0.0045 , it wo uld account precise ly f o r a six-fold inc rease in 
disc harge when the drainage syste m filled to the surface. 
The implied syste m is large ly wa te r- fill ed , but with a 
va riable free- surface component. 

Trave l time in such a hybrid sys tem is a combinat io n 
of c losed-conduit a nd f ree-s urface co mponents. Trace r trave l 
times in open-c hannel sys tems a re more rapid on ri sin g 
s tage than fa llin g stage (e.g. Co llins, 1982), givi ng a wide 
hys te re tic sca tte r to ve loc ity- discharge plots refl ec ting the 
c hanging storage in the conduit. This does not appea r to be 
th e case for the Storglac ia re n traces, sugges ting a 
predominantl y closed conduit. (Altho ugh mos t glac ie r traces 
are made in late mornin g-afternoo n by force of 
circumstances, they may not demons trate diurnal hys te res is.) 
This inference may be tes ted by plotting "system volume" 
aga inst discha rge . Sys tem vo lume is a measure of the 
vo lume of water pass ing through a drainage sys tem in the 
trave l time of a trace r. In a s imple conduit , it is the 
vo lume of wate r which must be emptied as a trace r passes 
from one end to a nother. It is calculated using the integral 
o f output disc harge ove r the trave l time (e.g. Smart, 1988b), 
but ca n be loosely approximated by multiply ing mea n 
discharge (Qp; Seabe rg and othe rs, 1988) by the trave l time 
as shown in Ta ble I. Figure 2 indica tes that volume c ha nges 

T ABL E I. SUMMARY OF TRACE R RESULTS O F 
SE ABE RG AND OTHERS (1988) WITH IMPLIC IT 

TRA VEL TIM ES AND SYSTE M VOLUMES 

T race Discharge 
reference 

m3 S- I 

84- 1 0.62 
84 - 2 0 .52 
84- 4 0 .50 
84- 5 0 .57 
84-6 0 .28 
85-1 0 .38 
85-2 0.43 
85-3 0.49 
85-4 0 .7 3 
85-5 0.31 
85-7 0 .33 
85-8 0 .50 
8 5~ 0.12 

Velocily 

m S- 1 

0.14 
0.10 
0.14 
0.16 
0. 11 
0.044 
0. 11 
0.14 
0.16 
0.076 
0.092 
0.125 
0.032 

Time 

6790 
9500 
6790 
5940 
8640 

2 1600 
8640 
6790 
5940 

12500 
10300 

7600 
29 700 

Volume 

42 10 
4940 
3390 
3380 
2420 
82 10 
37 10 
3330 
4330 
3880 
3410 
3800 
3560 
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surprisingly little with discha rge, confi rmin g the 
pred o minantl y closed conduit. The inte rcept of a line drawn 
thro ugh these po ints indicates sta tic sto rage of 3700 m3 . 

(The linea r regress io n used is arb itrary, a si mple fun c tion is 
not necessaril y appropriate.) The hi gh static storage may 
indica te that the conduit follows th e bed and is po nded 
behind the lower ri ege l (Fig. I ). In co ntras t, the maximum 
dynamic storage implied by the line is onl y 640 m3 . This 
shows that disc harge va riation is accomplished with 
re lat ive ly small vo lume changes. 

The es timated vo lume is ve ry approximate, in part due 
to th e use of an es tim ated mea n disc ha rge , but also beca use 
appl y ing a single travel time for the traced route to all tri­
buta ries of a dendritic or anabra nching network is 
inaccura te. Some volume variability may also result from 
c ha ng ing proport io ns o f open and c losed c hannels. Howeve r, 
the co ns istently hig h volume indica tes that the drainage 
sys te m is large ly c losed. Any stage- de pe nd ent morpho log ica l 
changes must occur in restri cted pa rts o f the cha nn el, 
pro bab ly "paraph rea ti c" parts ex pe rienc ing freque nt 
inundati on and drainage. The bala nce of changes res ults 
fro m o the r processes suc h as eros iona l a nd tec tonic processes 
(e.g. Seaberg and o thers, 1988 , p .224) which w ill be 
espec ia ll y ac ti ve in glac iers. Howe ver , karst sys te ms 
recha rged by glac ia l melt also s how irreproduc ib le 
break-through curves, and e ros io nal and tec to nic 
ex pl a na tions are no t reasona ble in such cases. Hydraulic 
effec ts assoc iated with varying fl ow a re inferred (Sma rt , 
1988a). It is poss ible that these processes may also be ac ti ve 
in g lacie rs, and so me exa mples are described below. 

U nder ri sing stage , an unknown part of run -off is 
routed under high hydraulic potentia l a way from subglac ial 
conduits into "off- line" stores such as the subglacial film o r 
ca viti es . The wate r subsequentl y re turns to the conduit as 
discha rge and co nduit potential declin e. An y dye labe llin g 
this component will e xhibit secondary pea ks during fallin g 
stage. 

"Hydraulic damming" results when variations in fl ow 
throug h the traced route and a diluting tributary interact to 
alter the proportion of tracer ente ring their junc tio n. 
"H ydraulic sw itching" occurs when tracer routin g at a 
distrihuta ry junction is controlled by an indepe nde nt 
tributary to one of the branches down-stream of the 
junc tion. The exact effect depends upo n the d ischarge of 
each element and the c hange in volume required to produce 
a matching hydraulic potential. The result can be hi ghly 
irregular, non-reproducible break-through curves, with little 
apparent change in disc harge. 

Unfortunately, it is not yet possible to obtain the da ta 
necessa r y to es tablish firml y comple te explanations o f 
complex break- through curves . It is essential that alternati ve 
hypo theses be evaluated before undertaking modelling based 
on such data . 

A final comment addresses the early season trace 85-1 
which is the outlier on Figure 2. It indicates anomalously 
large sys tem volume despite modest discharge. Assuming no 
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radical alteration in system topology, this indicates 
substantial sp ringtime sto rage of water within the glacier 
without highl y efficient drainage, an effect already inferred 
from other data (e.g. lken and Bindschadler, 1986). 

The paper by Seaberg and others constitutes a valuable 
exa mple of th e contemporary approach to studying glacier 
hydrology. Yet we are still una ble to monitor adequately the 
complex, erosionally and tec tonically active subglacial system 
with typically unsteady flows and corresponding 
comp lications in trace r dilution, routing, and storage. This 
makes stric t structural interpre ta tion of trace r break-through 
curves difficult. However, there is so me evidence that the 
sys tem beneath Storglaciaren might be a s imple, largel y 
wa ter-filled co nduit with distributaries rather than the 
complex braided free-surface strea m descr ibed. 
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SIR, 

Reply to: "Comments 01/: • Characler of the eng lacial and 
subg lacial drainage syslem in Ihe 10lVer part of Ihe 
ablaLion area of SlOrglaciiiren . S lVeden. as revealed by 
dye-Irace sludies'" 

Smart (1990) has made som e interes ting sugges tions for 
alternative interpretations of our dye-trace d a ta from 
Storglaciaren. We will take up his two main points in 
order. 

I. Tracer travel times and system implications 
Smart a rgues that, und e r low flow co nditions, the 

hydrau lic head driving the flow may have been lower than 
we or igina lly thought was reasonable, and that the slope of 
unity in the velocity-discharge re lation (Sea berg a nd others, 
1988, fig. 5) can thus be attributed solely to variations in 
head in a closed-conduit system. We agree, a nd had come 
to the same conclusion independentl y on the basis of 
additional tracer studies. 

Smart'S sys tem-vol ume calculations provide another 
interesting way of elucidating drainage sys te ms from 
relatively few trace r experime nts. Howeve r , caution is 
req uired in interpreting these calculations in the present case 
because dye was injec ted at onl y one input point, whereas 
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the discharge used in the calculation is that at the te rminus, 
which is the sum of disc harges entering the glacier at 
several different input points. If the ratios of the discharges 
a m ong the various tributaries changed between tests, the 
a m ount of water discharged at S-I during the time required 
for the dye to pass from the injection point to S-I would 
c hange, even if there were no change in the geo metr y of 
the sys tem. 

Smart sugges ts that the large sys tem-volume calculated 
for tes t 85- 1 may be a consequence of spr ing-ti me storage 
w ithin the glac ie r. This would require that storage decrease 
between 28 June (test 85-1) a nd 10 Jul y (test 85-2). 
However, Ostling and Hooke (1986) found that , after 
increasing in May and ea rly June 1984, storage was rou gh ly 
co nstant until earl y August. There is no reaso n to suspec t 
that co nditions were substantially different in 1985. It is 
poss ible that there is extensive drainage through the sno w 
cover in late June. Such dra inage would contribute to the 
discharge used in the sys tem-volume calculation without 
having to pass through the glacier. 

Incidentall y, Ostling and Hooke suggested that sto rage 
during the middle of the melt season might be in subglac ia l 
cavi ties. Hooke and others (1989), however , showed that the 
reasoning leading to the conclusion that such subglacial 
cavi ties existed was faulty. We presently infer that the 
s torage is principally in snow and firn. 

2. Multiple peaks iD dye-return curves 
Smart sugges ts that the multiple peaks in the 

dye-return curves might be the result of dye being routed 
into blind storage locations on a flS1I1g stage and 
subsequently released back into the flow on a falling stage. 
In tes t 84-2, the peak discharge, 6251 / s, occurred at abo ut 
the time of the second peak in dye concentration , and by 
the time of the th ird peak the disc harge had fallen to c. 
460 I/s. In tes t 84-6, the peak discharge, 380 I/s, again 
occurred at about the time of the second peak in dye 
concentration , and by the time of the third peak it had 
fallen on ly 101/s, to c. 3701/s . Thus, this mecha nism 
probably cannot ex plain three of th e four secondary peaks. 

Furthermore, to drive signifi cant quantities of dye into 
blind passages, the passages mus t e ither be only partially 
full of wate r or the hydraulic g radient away from the 
co nduit must be substantial. The former is possible, though, 
owin g to closure, such storage locations would not be large, 
and the probability of their filling at precisely th e time of 
passage of the dye cloud is, perhaps, remote. The latte r is 
co ntradicted by bore-hole water-pressure measurements. 

Smart's alternati ve mechanism for producing multiple 
peaks, in vo lving variations in discharge in a tri butary, also 
seems unlikel y in th is case, as th e discharge curves did not 
ha ve mUltiple peaks. 

Conclusions 
We are in agreement with Smart's explanation for th e 

linear velocity-di sc harge relation, and had come to the sa me 
conclusion ourselves. We a lso like the system-volume 
calculation, but feel that ca utio n is required in its 
interpretation. We thank c.c. Smart for his interest in our 
work, and for pointing out these a lte rnati ve interpre tations. 
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