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ABSTRACT

In order to investigate therrnal regime and stratigraphic

conditj.ons of a glacier, field observations were carried out on

the Yala Glacier in the Nepal Himalaya. The results show that

upper part of this glacier is temperaLe (temperature is at the

nelting point) throughout while its lower part is cold (beIow the

neltin8 point) and frozen to the bed rock. We call this glacier

the inversion type glacier against the previous categories such

as temperate and sub-polar. To clarify the cause of occurrence of

the inversion type glacier, we investigate percolation process of

meltr',ater into surface firn Iayer and formation process of the

superirnposed ice due to refreezing of this water. The results,

obtained from this case study, are Eeneralized for glaciers in

the wolld, and a rnethod is presented to classify glaciers into

one of three typical types: tenperate, cold and inversion types.

The findings are summarized as follows:

(1) The inversion type glaciers, which are in disagreernent with

previous classification such as temperate or sub-polar glaciers,

are widely distributed in the worId.

(2) The inversion type glacier has a temperate firn area (the

temperate infiltration zone) where the f.irn temperature is at the

nelting point throughout in the upper part, and has a cold ice

area (the superimposed-ice zone and the cold ablation zone) where

the ice temperature is negative in the lower part'

(3) The inversion type glacier can be found in the regions where

winter is cold (the freezing index exceeds 2000"C day) and annual

precipitation is more than 700 (nnHzO) '



(4) The temperate type glacier can be found 1n the regions where

freezing index is Iess than 2000 ("C day), while the cold type

glacier can be found in the area where freezing index exceeds

2000 ("C day) and annual precipitation is less than 700 (nnHzO).

(5) The inversion type glacier is in a potentially unstable

condition, because the upper mobile temperate ice is danmed up by

the lower cold ice frozen to the bed rock. This in.stability can

produce a rapid advance of the glacier, i.e., the glacier surge.
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1. INTRODUCTION

1-1. Previous investigations

In order to classify glaciers, Benson (1959) and MLtlIer

(1962) proposed the idea of glacier zones' According to Paterson

(1981), a glacier can be divided into following five zones: dry-

snow zone, percoTation zone, wet-snow zone, super ifipos ed- ice zone

and abfation zone (Fic, 1). Their idea is, however, based on

stratigraphic and thernal conditions at the uppermost annual snow

layer near the glacier surface; it contains no information about

deeper part of the glaeier. Moreover, the location and extent of

each zone on a glacier cannot be estimated.

On the other hand, whether temperatul'e at the isothermal

depth (usual1y 10-m depth temperature) is at the nelting point

(temperate) or below the melting point (cold) is lnportant for

glaciolo8ical investigations; such as, glacier flow (basaI slid-

ing and plastic deformation of glacier ice) and the densification

process of snovr into ice, because physical properties of snow and

ice vary criticalLy at the melting point. For these reasons, the

Ahlrnann's classification of tenperate and sub-pofat glacier

(Ahlmann, 1935) is sti11 used by several glaciologists' (A ten-

perate glacier is at the nelting point throughout ' Temperature of

a sub-po1ar Slacier rernains negative throughout except in tlle

surface layer where neltwater percolates ' ) However ' as many

investigators pointed out, thermal conditions vary from one point

on a glacier- to anoiher; very few glaciers can be fitted into a

single category. \'Ie must, therefore, purpose to extend the idea

of zones to a new one which is based on the thernal conditions at



the isothermal depth.

1-2, The inversion tYPe glacier

Several glaciers are known to show "temperature j-nversion" 
'

i . e, firn temperature at and below the isothermal depth is

"ternperate" in the accunulation area, whereas ice tenperature is

"cold" in the ablation area. Air temperature is colder in the

accumulation area than in the lower ablatlon area' Hence' glacier

temperature at the isothermal depth is inverted against air

temperature. \{e call this glacier inversion type gfacier, which

is in disagreenent with the Ahlmann's classification of glaciers

into temperate and sub-polar glaciers' Such a Slacier is, howev-

er, found throughout the world, e.g', in the Hinalaya (\{atanabe

et aI., 1984; Tanaka et aI., 1980), in the AIps (Lliboutry et

a] ., 19?6; Haeberli, 1976), in Scandinavia (Schvtt, 1968)' in the

Canadian Rockies (Paterson, 1972), in Alaska (Harrison et a1 ''

t9?5; Trabant et aI., 1975) and in polar ice caps (Schytt ' 1969;

Loewe, 1966; Casassa, 1989). Table I shows some examples of the

inver-sion type glaciers and climatic elements (air temperature

and precipitation) estimated on each glacier' The climatic fea-

tures for the inversion type glaeiers are:

(1) Annual mean air temperature is fron -5 to -15"C'

(2) In sunner, air temperature rises above 0"C and surface melt-

ing occurs.

(3) Annual precipitatlon is rnore than 500 (mmHzO a-1)'

Thus, the inversion type glacier would be Iikely to appear in

regions where winter is cold and considerable accumulation and



ablation both occur, although the reason is not yet clear

Schytt (1969) pointed out that the inversion type 8]acier

has a potential instability for glacier surge. Figure 2 is a

schematic illustration of a vertical section of an ice cap in

eastern Svalbard observed by Schytt. The main part of the ice

mass is at the nelting point, and this temperate ice is surround-

ed by a ring of cold ice frozen to the bed. If this cold ice

"dam" happens to be broken, a rapid advance (the surge) will

occur. His suggestion stimulated development of some thernal

models for glacier surge (Clarke, 19?6; Cary et al ' , 1979).

However, stil1 now, there renains no reasonable explanation of

r{hy such temperature inversions occur j-n some glaciers.

l-3. Purposes of this study

It has been obvious that the inversion type glacier, which

deviates from previous classifications, is distributed widely in

the world, and that it has potential instability for glacier

surge. We will clarify the cause of occurrence of the inversion

type glacier in the following way:

(1) We describe a new method to predict the location and extent

of each glacier zone which is defined by the temperature condi-

tions (temperate or cold) at the isothernal depth'

(2) By considering the possible combination of these zones under

severaL specific climatic conditions, we propose three typical

glacier types: inversion type, temperate type and cold type'

(Tenperate type and cold type correspond to previous ternperate

and sub-polar, respectivelY. )



(3) We describe a general method to classify glaciers into above

three types according to air temper-ature and precipitation esti-

nated on each glacier.

The YaIa GLacier in Nepal Hirnalaya was selected for a case

study. This glacier- is known to be an inversion type glacier

(Watanabe et aI., f984)' \{e observed internal stlatigraphy and

temperature conditions of this glacier by means of core drilling

in1987(Yarnada,1989).First,wedividethisglacierintosever-

al zones by the thermal and stratigraphic conditions at the

isothernal depth. Second, \re present sinple equations to estimate

the Iocation of each zone boundary, and confirn their applicabil-

ity to this Slacier' Finally, we extend our glacier zone nodel to

a generalized one, and thereby clarify the relationship between

three gtacier types and clinatic conditions ' Our nethod is ap-

plicable to any glacier in the world, and can predict strati-

graphic and thermal conditions in a glacier if climatic elements

such as temperature and precipitation on the glacier are known'



2. FIELD OBSERVATIONS ON THE YALA GLACIER, NEPAL HIMALAYA

2-1. Site description

The YaIa GIacier, a small ice cap type glacier with no

debris covered area, is located at Iat. 28"15'N, 1ong. 85" 37'E

in the Lan8tang ValIey, in the central Nepal Himalaya (Fig' 3)'

It is about 1.5 km in length, its area is 2.6 kn2. Its altitude

extends from 5090 n to 5600 n above sea level (a.s.1.)' The snow

Iine, the lower limit of firn area, hras observed at 52lO n at the

end of sunmer in 1987.

In the Himalayan regions, two typical types of glacier are

known: (1) ice cap type glacier without debris covered area, such

as the Yala Glacier; and (2) val1ey type glacier with thick

debris covered area in its lower part, the terminus of which is

500-1000 m lower than that of the ice cap tvpe (Fuiii and Hi-

guchi, 1977). The debris covered j-ce is considered to be a stag-

nant relic ice which had advanced in Lhe Little Ice Age (Fushimi,

1978; Shiraiwa and \{atanabe, to be published). We wilI discuss

the cause of such advance in section 6-2.

The Yala Glacier is known to be a inversion type glacier''

Two deep core drilling observations were carried out at Y4

a.s.1.) just below the snow line in 1981 and at Y11

a.s.I.) above the snow line in 1982 (Watanabe et al',

1984). Figure 4 shows the results obtained from their observa-

tions. At Y4, ice was exposed at the surface and the ice tempera-

ture from below the surface to the bottom (31 n in depth) was

negative (about -1"C) throughout, and the ice bottom was frozen

to the bed rock. At Yll, a thick firn layer existed f rorn the sur-
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face to a depth of 17 n, where firn changed into ice by self-

conpressive deformation in the wet condition (Iida et al., 1984).

Tenperature f rorn the surface to the bottorn (60 n in depth) was

conpletely at the melting point. Hence, this SIacier is temperate

in the upper firn area and cold in the lower ice area' i'e" Lhe

inversion type.

InordertolnvestigatehowthetherrnalandStratigraphic

conditi.ons change fron Y4 to Yl1, we carried out shallow core-

drilling observations at sites Y5, Y6, Y7, Y9, Y10' Y11 and Y12

(see Fig. 3-c) in late summer of 1987' Using core samples ' we

measured density, free lr'ater content, Ievels of dirt layer'

IeveIs and thicknesses of ice 1ayer. llJe purpose to know internal

stratigraphy and thernal conditions of an inversion type glacier

in the Nepal Hinalaya.

2-2. ResuTts of observat ions

Sudden disappearance of the ice mass \',las observed at a

surface altitude of 52'lO m a.s'I' on the Yala Glacier' Figure 5

shows stratigraphy observed at each coring site' The black strip

indicates ice Iayer or ice mass of which density exceeds 0'83

(Mg kn-3). Above the snow line (5210 n) to Y7 (5269 n)' the ice

nass l/as buried under the firn 1ayer. The continuous ice rnass 
'

however, disappeared and changed to discontinuous thick ice

layers at Yg (5304 m) in spite of only 35-m increase of altitude'

At higher sites (Y10-Y12), only thin ice layers were observed in

the firn layer. In order to confirn this stratigraphic change ' we

drilted twice at Y? and Y9 as shown ln Fi8' 5 with the subscript

10



Ｆ・〓・〓‥‥‥‐ｉ・‥‐′‐‐‐‐

(a) and (b); the point (a) is 10 m awav fron point (b) in hori-

zonlaL distance. \{e thereby confirmed that there is a distinct

sub-surface stratiSraphic boundary at the surface altitude of

5270 n.

In the area above this boundary, tenperature of the firn

Iayer, includin8 thin ice layers, was completely at the nelting

point. The free water content of the firn, measured at Y9-a in

September of 1987, was O-5% from the surface to the depth of

13 m. Deep core-driIIing observation, carried out at Yl1 in 1982,

showed that some water poured out from the wall of the hole at

the depth of 25.5 m and it filled the hole up to the depth of

20 m (see Fig. 4; \'latanabe et aI . , 1984) . \'Ie also observed that

some water flowed out from the hole-wal1 to the Ievel of 12.3 n

at Y9-a. Hence, we define the area above the boundary as the

tenperate infiltration zone where firn temperature is at the

rnelting point throughout by late summer as a result of infiltra-

tj.on of neltwater (Shumskii, 1964; p' 420). In thls zone' wet

firn changes into ice by self-compressive deformation al the

nelting point (Wakahama, 1968); the firn-ice transition depth is

about 20 m in this zone.

In the area below this boundary, the continuous ice nass

exists near the surface and ice temperature is negative; this ice

consists of superj-mposed ice ' Deep core drilling observation'

carried out at Y4 (5200 n) in 1981, showed that temperatul:e of

the glacier ice was negative (about -1"C) throuBhout and the

botton (30m in depth) was frozen to the bed rock (\'Iatanabe et

al ., 1982). \tle also found negative temperature in the ice at Y7-a

11



because the dtilling machine was often stuck by refreezing of wet

slime. since the firn layer on this ice is too thin (0-3 m) to

form ice by self-compressive deformatlon, we believe that this

ice is formed by refreezing of meltwaLer when the infiltrated

grater arrives at the surface of ice that has been cooled in the

previous winter season. This is ealled superimposed ice (Wakahama

et al ., 1976). The ice temperature remains negative even at the

endofSummerasaresultofitSirnperneabilitytowater.\lJe

define this area beIor.' this stratigraphic boundary as supetin-

posed-ice zone, wirrete continuous mass of superimposed ice grows

near the surface. In our definition, the superimposed-ice zoDe

includes the area above the snow line; although Paterson (1981,

p. 8) restricts it to the area below the snow line where superirn-

posed ice is exposed at the surface by ablation at the end of

sumlDer.

Figure3illustratestheinternalstructureofthelongitu_

dinal section of the Yala Glacier' In general ' f ir-n telDperature

is more likely to be temperate than ice because meltwater can

percolate into firn but cannot percolate into ice during summer'

and winter coldness cannot penetrate deeply into wet firn but can

penetrate into ice dur-ing winter' Tl-re temperature inversion is'

therefore, caused by the stratigraphic difference of snow and ice

at the boundary at the surface altitude of 5270 n' The problems

to be solved are: (1) how the firn tenperature can be temperate

throughout in the cold clirnate region (annual mean air tempera-

ture, estinated on this glacier, is from -4 Lo -7"C' Table I);

and (2) how continuous superimposed ice can be formed in the

つ
‘

■
■



lower part of the accumttlation area. The causes wilI be discussed

in the next sections (3-f. and 3-2.) by introducing two simple

crlteria.
A dirt layer, which shor+s early summer surface, is easily

identified in cores as shor+n with dotted lir-res in Fig. 5. The

layer, bounded by the dirt layers, means an annual layer and its

mass in water equivalent represents net balance, which fairly

increases with the increase of altitude. The anount of net bal-

ance, bn (mmHzO a-1), during 1986-87 is listed in Table II.

13
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3. CRITERIA FOR EACH ZONE BOUNDARY

3-1. Tenperate condition of firn area

Firn temperature can be temperate throughout, when there is

a large enough supply of rneltwater into firn during summer.

Hence, we will discuss freezing process and wetting process of

firn during a year, and evaluate the conditions necessary for the

firn Iayer to be temperate throughout. We initially assume a

temperate condition:..the firn is completely wet (at the melting

point) in late stlmner. Then we estimate the amount of internal

accumulation, c. (i), amount of water frozen by penetlation of

winter coldness, and discuss if the firn tenperature can return

to the initial wet condition by infiltration of meltwater', as

folfows.

We will set the initial condition at the wet condition (free

water content of the firn is about 3 %) in late sunmer' as shown

in Fig. 7-a. During wlnter, the winter coldness penetrates into

the rvet firn through heat conductj.on, and freezes the capillary

water retained in the firn. If the depth of freezing reaches its

maximum, D, at the end of winter (Fie. 7-b), then the winter term

of internal accumulation, i . e. , the amount of rvater frozen in

r.Jinter, is gi ven bY,

cw(1) (1)Ｚｄω

Ｄ

　

　

　

Ｏ

ｒ

ｌ

ｌ

ｌ

Ｊ

〓

vhere at is free water content per unit volume

in firn at the beginning of r'rinter and z is

from the firn surface. (\{e use the symbol (i)

that was reta ined

measured downward

for internal mass-

14



balance terns and ( s ) for surface mass-balance terms . ) When

sunmer cones, meltwater- and rain water infiltrate into the cooled

firn Iayer, and it freezes to ice layers and ice glands in the

Iayer (Fie. 7-c). The latent heat, released through freezing,

warms the firn temperature to the rDelting point. Thus, the sum er

term of internal accumulation, c"(i), (the amount of water frozen

in the firn layer during summer) can be estimated by increase of

heat content in this layer during summer:

(2)

where L is the latent heat of fusion of lce, p is the densitv of

f irn, c is the specific heat of ice, 0. and 0t are the filn

temperature at the end of winter and at the beginning of winter,

respectively.

c"(i) = + J, 
pc(o.-eu) dz

The annual amount of internal accumulation, ca(i),

sum of the winter term and the summer term:

is the

c"(i) = cw(i) + cs

This amount reaches a

large enough suPPIY of

the firn temperature

(6.=0):

(i)

maximum vafue, ca

infiltration water

returns to the

(3)

(i)., when there is a

in sumner and therebY

initial nelting Point

ca(1)菫

I
dz+-

L
(-0a) dzω

Ｄ

　

　

　

Ｏ

ｒ

ｌ

ｌ

ｌ

Ｊ

〓 Ｃρ

Ｄ

　

　

　

Ｏ

ｒ

ｌ

ｌ

ｌ

Ｊ

(4)

infiltratiOnIf the supply of

15
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this maxinum vafue (c.(i)*), then the firn temperature can be the

nelting point throughout, and free wateI. content, (l), can retu.rn

to the lnitial value (Fig.7-d). (\tte neglect the amount of water

trapped in the ner./ snow.) This is the temperate condition:

Qa > c"(i)' (5)

The area which satisfies this equation can be temperate through-

out by late sumrner, when there is no impel'meable ice near the

surface (i.e., superimposed ice). This area is the temPerate

infiltration zone. 1n this zone the maximum amount, c"(i)*, is

accurnulated in the firn layer as actual- internal accumulation:

ca(i)=ca(i)., and a part of infiltration water (Q"-c.(i)) is lost

by runoff.

In the area where Qa<ca(i)* (usually this area j.s higher

than the tenperate infiltration zone), the temperature of the

deeper firn layer remains negative even at the end of summer ' fn

next winter, the wetted firn layer is completely ftozen and the

winter coldness intrudes deeper than the depth of previous win-

ter:, As the result of repeating of this process, the firu temper-

ature becomes negative except for lts surface layer rvhere melt-

water and rain watel- infiltrate in surnmer (Fig. 7-e). This area

is the cold infiltration zone where the firn temperature at the

isothermal depth is negative, and cold firn changes into ice by

self-compressive deformation at negative tenperature (Shunskii'

1964). The depth of firn-ice transition is 50 to ?0 n (Paterson'

1981; p.15). In this zone, alI infiltlation rvater is trapped as

lnternal accumulation: ca(i)=Q., and there is no runoff'

16



As the above discussion shows, we can estimate the location

of the zone boundary of the temperate infiltration zone and the

cold infiltration zone by Q"=c" (i)*: equation (5).

3-2. Condition of supe r impos ed- ice fornation

Density of snovr and firn is increased by repeating of the

annual internal accunulation (i.e., annual wetting and refreezing

process). The annual density increase through refreezing is

repeated for several years until the firn is buried deeper than

the freezing depth, D. Figure 8 schematically shows the repeating

process in a temperate infiltration zone. The amount of annual

increase of density is approxinately ca (i)/D, and repeating year

is D,/d; rvhere d is the thickness of annual Iayer. Thus the total

increase of firn density through refreezing, Ap, at the botton

of the freezing layer is given bY,

c,(i) o c.(i)
L p= 

-.-

Ddd
(b.)

In the cold infiltration zone, we must replace the freezing

depth, D, in the above equation by the maxirnum depth of wetting

front by late surnmer. However, the total increase of density is

independent of the depth, D. Equation (6) is, therefore, valid in

both the temperate infiltration zone and the cold infiltration

zone .

\{e can repl-ace d in equation (6) by b'(s),/p"; where b"(s)

is the annual surface balance and ps is the avel.age density of

initial sno\'/. (Here the symbol (s) denotes the surface mass-

17
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balance terrn, ) Then, the total increase of density by refreezing

(i.e., amount of refreezing per unit volume of firn) is given

by,

△ ρ

ca(1)
= 

―

 ρ S

ba(s)
(7)

Equation (?) shows that Ap is proportional to annuaf internal

accumulation, c" (i), but is inversely proportional to annual

surface balance, b.(s). As shovn in section 4.2, ca (i) is nearly

constant o r-I a ELacier, Hence, the effect of densification by

refreezing is larger in the fower accumulation area where b"(s)

is sna11er.

If the firn density has exceeded the ice transition densitv

(i.e., ps+Lp >p1=0.83 Mg m-3 ) by refreezing, then the firn

changes into impermeable ice within the freezing 1ayer. (We have

neglected the effect of compression of firn in this layer' ) This

is the criterion for formation of superimposed ice:

ba(s)く  α Ca(1)

ρ S

(8)

Pi - Ps

where a 1s the parameter depending on initial snow density' For

example, when ps is from 0.45 to O-5, a varies fron 1'Z lo 1'5'

The area which satlsfies above equation is the supetimposed-ice

zone. In this area, superimposed ice grows near the glacier

surface, and the ice temperature remains negative even at' the

fate summer as a result of its inpermeability to water. Thus the

α

18
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temperature at the isothermal depth is negative, even though the

area satisfies the temperate condition (Eq. (5)).

In the area where b" (s)>oc"(i) (usually this area is higher

than the superirnposed-ice zone), only discontinuous ice layers

can be formed in the freezing 1ayer. The interlaminated firn

Iayers change to ice by self-compressive deformation at the depth

of 20 m; this is deeper than the freezing depth, D. When there is

enough infiltration water (1.e., the temperate condition of Eq.

( 5 ) is satisfied) , this area can be temperate: the temperate

infiltratioD zone. In this case, with increasing altitude, the

superimposed-ice zone changes to the temperate infiltration zone

at the boundary where ba (s)=ac. (i). On the contrary, when there

is not enough infiltration water (i.e., Eq.(5) is not satisfied),

then this area belongs to the cold infiltration zone. In that

case, the superirnposed-ice zone directly changes to the cold

infiltration zone at the boundary where ba (s)=ac" (i)=4Q.. This

difference corresponds to the difference between inversion type

glaciers and cold type glaciers as discussed in section 5'2' We

can use equation (8) to estimate the upper Iimit of the superim-

posed-ice zone, whether that area satisfies the temperate condi-

tion (Eq. (5)) or not.

3-3. Tenperate and cold ablation zone

The lower boundary of the superimposed-ice zone is taken at

the equilibriun line (Paterson, 1981; p. 8). The equilibrium line

is given by,

，
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b"(s) + ca(i) = 0
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The area above this boundary (i.e., ba(s)>-ca(i) and b"(s)<

aca (i)) 1s the superimposed-ice zone. Strictlv speaking, in a

very tenperate climate region where winter is not cold (i.e.,

c"(i)=0), the superimposed-ice zone is absent; this is the tem-

perate type glacier. Hor',ever, as shown in section 5-2., very few

glaciers belong to this category. A1I glaciers where \rinter is

cold ( c" ( i ) >0 ) should have a superirnposed-iee zoDe above the

equilibriun l ine.

The area below this boundary (b"(s)<-ca(i)) is the ablation

area. \,{e can divide this area into two zones: upper cold ablation

zone and lower temperate ablation zone. In the cold ablation

area, winter coldness rernains in the ice rnass even at the Iate

summer as a result of its inpermeability to water, and tenpera-

ture at the isothermal depth is negative, while in the temperate

ablation zone, winter coldness in the ice mass is depleted by

ablation of ice itself (Paterson, I972); temperature of the ice

mass is completely at the melting point to the botton by the late

sunmer. The boundary between above two zones is given by,

U"(s) + ca(i) = -P Pt

In this equation, D is the penetration depth

into the ice.

We have prePared several

tions (5), (8), (9) and (10)

these equations in section 4' 
'

types, consisting of Possible

(10)

of winter coldness

criteria for zone boundaries: equa-

. We wiIl confirm the validitY of

and proPose three tYPical glacier

glacier zones, in section 5-2'
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4. ZONING OF THE YALA GLACIER

4-l  Est」 21a ι i Oコ  OF surFace balance and infilι ratiO, rater

Annual surface balance, b"(s), and annual amount of infil-

tration water, Qa, on the YaIa Glacier were estinated fron cli-

natic elernents (temperature and precipitation) on this glacier.

The surface balance, b(s), is the sum of surface accumulation

(soIid precipj.tation) and surface ablation, a(s):

(11)b(s)=γ P+a(s)

where 7 is the probability of solid precipitation (0<7<1) and P

is the amount of precipitation. (The symbol (s) denotes the

surface rnass-balance term). Ageta and Higuchi (1984) described 7

and a(s) as the functions of semi-rtonthly mean air tenperature

(Tr,"C), based on their field observations on a glacier in East

Nepal , as follows:

7h =

ar (s)

24 Th +

-1.5(Th

８ ５

　

　

３

０
．　

　

＋

-0 (-0.6 く Th く 3.5° C)  (12)

0)3 2 (mmH20)  (Th > -3.0° C) (13)

denotes amount or- vafue during a half of a

infiltration water, Q, from the sur-face into

of the rain water and the ablatlon water

rvhe re the subscript h

month. The amount of

the snow is the sun

(meltwater):

where (l-l

equations

amounts of

Q =(1-γ )P ― a(S) (14)

) iS the prObability of  liquid precipitatiOn.  Fronl

(11), (12), (13) and (14); We can calculate annual

ba(S)and Qa by the SummatiOn of each half mOnth, if

・
粽 つ

０



we have climatic data, such as air temperature (Tl) and precipi-

tation (Pn) on the glacier'

Air temperature and precipitation on the gtacier were esti-

nated f rorn meteorotogical data observed at the meteorological

station (BH) in Kvangchen (3920 m a's'I" shown in Fig' 3-b)'

Figure 9 shows the smoothed seasonal variations of air tempera-

ture and nonthly mean precipitation derived f r.orn our observations

at BH fron 1985 to 1989 (cf' Takahashi et al'' 1987) and f rorn

observations of the Nepal Government at Timure fron 1958 to 1970

(Ageta et a1 ., 1984b). \'Ie assume the altitudinal Iapse late of

0 ("C km-l) from BH to the terminus of

km-1) on the glacier after studies by
air temperature to be

the glaci6r and 7.5 (

６
．
　

℃

Takahashi et aI . (r987) and by ueno and Yarnada (1990), respec-

tively. we assuned that the amount of precipitation increases

r Iinearly with j-ncreasing altitude at the rate of 25'6 (% km-1)

,i f.o, BH (3g20m a.s.I.); this rate is based on field observations

(Seko, 198?; Ueno and Yamada, 1990)'

Figure l0 shor+s the al-titudinat distributions of b"(s) and

Qa calculated on this Slacier' The annual inflLtration rqater ' Q"'

(meltwater- and rain water) decteases with increasing altitude' as

a result of decreasing of summer air temperature ' The annual

surface balance, b"(s), is a residual part of annual precipita-

tion (b" (s)=P"-Qa ), and increases vith incleasing altitude' The

annual precipitation, Pa' is a nearly constant vaLue (1300-1400

nmHzO a-r) on the glacier' As listed in Table II' the calculated

amount, b"(s), roughly agrees with observed amount ' bn' during

1986-87.
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4-2. Estination of internaT accumufation

\^Ie will solve the heat conduction equation, and estimate the

freezing depth, D, and firn temperature during winter; we thereby

evaluate the amount of internal accumulation, c. (i), by using

equations (1) and (2). The one dinensional heat conduction equa-

tion including effect of Latent heat is given by,

(15)

where t is time and K is thermal conductivity of firn' Firn tem-

perature, O, is zero when free water content of the firn, rr'r, is

positive; and a.r is zero when 0 is negative' It has been con-

f irrned that the amount of horizontal heat advection due to gla-

cierflor.qandtheamountofhorizontalthermaldiffusionaretwo

and three orders of rnagnitude snalfer than that of vertical

thermaldiffusion.wethusne8lectthehorizonta]termsandtreat

this problem as a one dimensional problem for a first approxina-

tion. Since the above equation (15) becomes non-Iinear at' the

rnelting point, it is difficult to get an analytical solution' we

therefore solve equation (15) nunerically by means of the finite

difference nethod (FDM). The rnethod of numerical calculation is

shown in Appendix II. The calculation is carried out with the

following initial and boundary condltions'

We set the initial condition as the wet condition at the end

of summer. The vertical distribution of firn density' p ' is ob-

tained by core analysis at each site' FirD temperature is set to

the nelting point, and volurnetric free water content of the firn

“ギ+L÷ =;卜捌
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is assurned to be 5 % of the pore volume; this is based on our

measurements at Y9-a in Septenber, 1987. In the superimposed-ice

zone and ablation zone, we initially set ice temperature at -1'C

(dry condition) and then change it to an appropriate value by the

one year simulation as described below' TherrnaL conductivity, K

(W m-1 K-r), is estimated fron the firn density by the f ollor+ing

ernpirical equation (Murakami and Maeno, 1989):

K=
ｍ
　
　
　
ｍ

０

　

　

０

ｒ

・

Ｌ

049 exp (4.75 p )

772 exp (2.80 p )

for p <0.65 (Mg

for p 20. 65 (Me
(16)

The surface boundary conditions, such as surface temperature

and surface accumulation, are estinated f rorn climati.c data at

Kyangchen (BH).as presented in the previous section (Fie. 9). We

assume that the winter season is the period when the air tempera-

ture is lower than -3"C, since surface melting does not signifi-

cantly occur in such temperature conditions (see Eq. (13); Ageta

and Higuchi, 1984). As an example, the dotted Iine in Fig' I

shorvs a -3"C line estimated at Y9 (5304 n a.s.1.). The winter

season begins in October and ends in the middle of May' This is

consistent with our: observations: surface refreezing began from

october in 198? at Y9. We assurne that surface temperature of the

glacier is same as air tenperature ' We take into account the

effect of therrnal insulation due to winter- snowfall ' The thick-

ness of the winter snowfall is estimated by )P/p'ti where )P is

the cumulative precipitation from the beginning of winter and pw

isthemeandensityofthewintersnowfall'\{esetp'as0'34
(Mg m-3); this is based on pit work conducted at Y9 in April'
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1986 by Motoyama (personal communication).

On the basis of the above initial and boundary conditions,
rue sinulate the freezing depth, D, and the internal accunulation,

ca(i), at each site on the Yala Glacier (5150 n, Y4, Y5, Y6, Y7,

Y9, Yl0, Ylt, Y12 and 5500 m). The estimated values of c" ( j.) are

shown in Fig. 10 and also in Table II with D.

As an example in the temperate infiltration zone, Fig, 11

shows a sirnuLated result on the penetration process of winter

cofdness at Y9 (5304m a.s.1. ). The maximum penetration depth, D,

reaches the depth of 6 n on May 16, the end of the winter season.

Using this freezing depth and the vertical distrlbution of firn
temperature at May 16, we estimate the maximum value of internal
accumul.ation, c"(i)*, as 171 (nnHzO a-1) fron equation (4). Since

the infiltration water, Q", is 797 (nmHz O a-1) at this site (see

Table II), this site satisfies the temperate condition
(Q">ce(i).: Eq. (5)), and firn temperature can be at the nelting
point throughout by .l.ate sumrner. Thus, c" (i)=ce (i).. Eigure 10

shows that al1 observation sites in this zone (Y9-Y12) satisfy

the tenperate condition; this agrees with our observations.

WhiIe, it appears that the area above the altitude of 5480 m

a.s.1. is the cold infiltration zone; the internal accumulation

is restricted by the amount of infiltration water (c" (i)=

Q" <c" (i)* ).
As an exarnple in the superirnposed-ice zone, Fig. 12-a shows

a simulated result on the penetration process of winter coldness

aL Y7 (5269 m a,s.1.). fne winter coldness intrudes into glacier

body to the depth of 10 n on May 15 as a result of high thermal
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conductivity of ice and of no free water content in the ice; thus
D=10 m. In this zone, a considerable amount of infiltratlon water
is supplied fron the surface during summer; this water is, howev-

er, shut out at the upper surface of the ice mass because of its
irnpermeability to water. Thus, ice temperature from below the
surface is rvarmed up only by the heat conduction. We simulate
this process by assuming the temperatur.e of the ice surface to be

at 0"C during the summer season (May to September). Eig. IZ-b
shows the simurated result that ice temperatllre nearly returns to
the initial temperature (-I"C) by October l. We thereby confirm
consistency of our simulation, and consider this ternperature (_

1"C) to be the temperature, 0r, at the isothermal depth (10 n

depth). The amount of internal accumulation, ca (i), fs calculated
as 190 (mrnHz O a-1) by equation (3). At l-ower sites (y6, yb, y4,

5150 m and 5100 m), we estimate the temperature , 0i, as -Z"C
(Table II). The estimated temperature (-t to -2" C) at the iso-
thermal depth is consistent with the observed tenperature (-l"C)
at Y4 (Fig. 4; Watanabe et a1 ., 1984).

It appears that the amount of internal accumufation is
approxinately constant (140 to 200 rnmHzO a-r) in the area where

the temperate condition is satisfied ( <5480 n a. s.1. ) . The iso-
thermal temperature, however, varies critically at the strati-
graphic boundary.

`―

θ. Zο口ing οf ιhe yala Giacier

Altitudinal distribution of ca(1), Qa and ba(s)eStinlated on

the Yala Glacier are shown in Fig. lo  Fronl thiS figure, We can
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determine the zone boundaries as follows:

(r) Qa =c" (i)* (Eq. (5)) at the altitude of 5480 m a.s.l.: the

boundary bet!,,een cold and ternperate infiltration zone.

(2) b"(s)=ac*(i) (nq. (8) with a=|.2) at the altitude of 5250 m:

the upper boundary of the superimposed-ice zone,

(3) bs (s)+c" (i)=0 (Eq. (9) ) at the altitude of 5190

l ibrium line.

the equi-

The dry snow zone (there is no surface melting) can be estiinated

by Q"=0. We estimate the zone boundary between the dry snow zone

and the cold infiltration at an altitude of 5900 n a.s.1. Hence,

in the case of the YaIa Glacier, the dry sno!/ zone is absent. We

estimate the boundary between the cold ablation zole and the

temperate ablation zone (Eq. ( 10 ) ) at an altitude of 47OO n

a.s.l. Hence, the whole of the ablation area of this glacier

belongs to the cofd ablation zone where ice temperature at the

isothernal depth (10 m) is negative (-1 to -2"C).

\,1e, therefore, divide the Yala Glacier into the following

four zones by the estimated anounts (Q", c"(i)* and t"(s)):

(1) "co1d infiltration zone" (5480-5600 n):

Q.<c. (i)* and b. (s)>ac"(i), (c.(i)=Q")

(2) "temperate j.nf iltratior-r zone" (5250-5480 m):

Qa)ca(i)* and b" (s)>ac"(i), (c"(i)=c"(i)* )

(3) " supe r irnpo s ed- i ce zone" (5190-5250 m):

-c' (i)<b" (s)<aca (i)

(4) "cold ablation zone" (5100-5190 rD):

b" (s)<-c' (i)

The above estimation agrees weII with our

27
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carr-ied out in the late summer of 1987: (1) the tenperate infil-

tration zone extends from 5270 m (above Y7) to at Ieast 5458 n

(Y12); (2) tne superirnposed-ice zone extends flom lower than the

snow line of 5210 m to 5270 rn; (3) the cold ablation zone is

Iocated in the area beLow the snow line of 5210 n. We have con-

firmed validity of our equations (5) and (8). By using these

equations, we can predict internal stratigraphy and temperature

conditions in any given glacier in the world, if we can estimate

the amounts (Q", ce (i). and U. (s) ) on the glacier'
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5. GENERAL CLASSIEICATION OF GLACIERS IN THE WORLD

5-1. Generafized gTacier zone modef

Figure 13 shows an idealized glacier which consists of six

different thermal zones. Occurrence and extent of each zone is

determined by the fo11or+ing relational equations anong infiltra-

tion water (0" ), internal accunulation (ca (i)* or c" (i) ) and

surface balance (b" (s)) as follows:

(1) dry snow zone:

(2) cold infiltration zone:

(3) temperate infiltration zone:

(4) superinposed-ice zone:

(5) cold ablation zone:

(6) temperate ablation zone:

where a=ps /(Pi-Ps ) and D is

coldness.

Q" =0

Q"<ca (i)* and b" (s)>aQ"

Qa>c" (i)* and b' (s)>ac" (i)*

-c" (i)<b" (s)<ac" (i)

-Dp r -c" (i)<b' (s)<-c" (i)

b' (s)<-Dpi-c" (i)

the penetration dePth of winter

The dash-dotted line in Fig. 13 represents the isothern of the

rnelting point at the end of sumnet. The temperature at the iso-

thernal depth (10 m depth) is cold at (1), (2) ' (4) and (5),

whereas it is tenperate at (3) and (6).

Every glacier does not always contaiD alI zones; sone zone

is often absent. In the foIlowin8 sections, we wiIl discuss the

possible combinations of these zones under several specific c11-

matic condit ions.

5-2. Tenperate, coJd and inversion type glacier

Wewillproposeherethreetypicalglaciertypes:(a)tem-

perate type, (b) cold type, and (c) inversion type' The type (a)
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and (b) have been called temperate and sub-polar, respectlvely'

The temperate type glacier is characterized by the absence

of superinposed-ice and cold ablation zones. Hence, it consists

of a temperate ablation zone and a temperate infiltration zone:

(6)+(3)+, The plus sign means that there can be a cold infiltra-

tion zone and a dry snow zone in its upper part where Qa is less,

if the glacier is largely extended. Thus we call this glacier as

a temperate type instead of "tenperate". The condition for ab-

sence of superimposed-ice zone (-c" (i)<b" (s)<ac" (i)) and cold

ablation zone (-Dp i -c" (i)<b' (s)<-c" (i) ) is given bv,

ca(i) = D = 0 (17)

This is the necessary condition for a tenperate type glacier. As

confirmed below, only a few glaciers satisfy this condition' We

thus believe many glaciers, which have been classified as temper-

ate glaciers, should have a "cold" ice zone near the equilibriun

Iine when air temperature on the glacier is cold in winter'

Thedifferencebetweenaninversiontypeglacierandacold

type glacier is whether it has a tenperate infiltration zone or

not. The inversion type glacier consists of a cold ablation zone'

superimposed-ice zone and tenperate infiltration zone: +(5)+(4)+

(3)+. On the other hand, the cold type glacier consists of a cold

ablation zone, superimposed-ice zone and cold infiltration zone:

+(5)+(4)+(2)+. The condition for exj-stence of the temperate

infiltratioD zone (Qa >ca (i). and b" (s)>ac" (i)') can be expressed

as the following sinple equation' because Qa+ba (s)=Pa (annual

preciPitation):
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P" > (1+a)c.(i)* (18)

This is the necessary condition for occurrence of the inversion

type glacier. The above equation (18) shows that if annual pre-

cipitation is 2-2.5 times larger than the amount of maximum

internal accumulation, the temperate infiltration zone can appeal-

in the accumulation area of the glacier. On the contrary, if

annual precipitation is less than this amount, then the temperate

zone will vanish, and the superimposed-zone wiIl be directly

converted into the cold infiltration zone with lncreasing alti-

tude.

By using equations (17) and (18), we can classify any gla-

cier in the world into one of three typical glacier types, if we

can estimate annual precipitation and internal accumufation on

each glacier,

5-3. Generaf classification

For convenience of general use' we will replace the maximum

amount of internal accumulation, ca (i). , by freezing index (i.e.,

curnulative llegative daily mean temperature during winter) ' For

this purpose, we first estinate c" (i)* with various surface

boundary condition (air temperature and precipitation) ' The

freezing index, FI ("C day), is calculated from the annuaf tem-

perature variation. We thereby show a way to estimate c"(i)* by

freezing index and winter precipitation. Eina1ly, we produce a

diagram of freezing index versus annual precipitation by which

glacier can be classif j.ed into one of three typical types: tem-
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perate type, cold type and inversion type.

\,le estimate the amount of maximum internal accurnulation,

ca (i)*, (Eq. (a)) bv nurnerical calculation of equation (15) as

described in the section 4-2. Here we assune a sin curve for

seasonal temperature variations on a glacier as:

T(t)= A sin (2π t/ta)+ Ta (20)

where A is a amplitude, T" is annual mean air tenperature and t"

is 365 (days). Let us assume that the winter season is the period

when the air tenperature is lower than -3"C, as assumed in the

section 4-2. We set firn density to a Iinear distribution from

0.45 (Mg n- 3 ) at the surface to 0.80 at 10 m depth; this is

similar to that at Y9 on the YaIa GIacier. \'Ie assume constant

snowfall during winter; the total winter precipitation is P,.

Other parameters are the same as those assumed in section 4-2'

Nunerical calculation is carried out with various variations of

air temperature (-16<T. <O and 2<A<2O) and various amounts of

winter precipitation (0<Pw <4000 mnHzO) .

On the other hand, the freezing index, FI ('C day), is given

by integration of equation (20) as,

ta

―
―
―
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FI = ―一―{√A2_(_3-Ta)2
π

― Ta sin~1(-3-Ta)/A ― π Ta/2}(21)

\^le estimate FI by Ta and A with this equation'

Figure 14 shows the relation between c"(i)* calculated with

heat conduction equation and FI calculated by Eq' (21)' The

naximum annuaL .internal accumulation' c" (i)* ' increases witl-t
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increasing freezing index, FI , and decreases with increasing

winter precipitation, P*. By using this figure, we can estimate

c.(i)' from freezing index, FI , and winter precipitatlon, P*.

Figure 15 is the diagram showing three glacier types and

climatic conditions (freezing index and annual precipitation).

The boundary condition between the inversion type glacier and the

eotd type glacier (Eq (18) with a=1.2) is given in this figure.

For practical use, condition for the temperate tyPe glaciel is

also given in this figure as D<3 (n) and c'(1),*<80 (mnHzO 3-r)

instead of equation (17). The solid circles repr-esent the inver-

sion type glaciers listed in TabIe I, and open circles represent

cold type glaciers without a temperate infiltr-ation zone Iisted

in Table III. EI and Pa are estimated at the equilibriun line or

the snow Iine on each glacier. The actual SIaciel's agree fairly

welI with the theoretically predicted Iines. Thus we conclude

that (1) the inversion type glacier can occur when freezing index

is more than 2000 ("C day) and annual precipitation exceeds 700

(nnHzO a-1) and (2) the cold type glacier can be occur when

precipitation is less than 700 (mrnHzo a-1). This result explains

the enpirical result that cold type glacier (sub-poIar glacier)

has often been observed 1n continental clinate regions where

annual precipitation is little.
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6. DI SCUSS ION

6-1. Effect of zone boundary on gLacier fLow

Temperature condition at the base of glaci.er has a strong

effect on glacier flow. For instance, lower part of the YaIa

Glacier (Eie.6) is frozen to the bed rock, and thus there seems

to be no basal sliding. On the other hand, its upper part is

cornpletely at the melting point, there should be basal sliding.

Hence, the glacier movement is restricted and reduced at the

transitional zone between rnelting and freezing. In this section,

r,,, e will investigate a flow pattern and a stress field around such

a transitlonal zone.

The basic equations for ice deformation are the flow law of

and the continuity equation of incompressible mass. The flow1Ce

law is

E = E r" (22)

―
―
―
―
―
―
―
―
―
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where E is effective strain rate, E is the flow law parameter, z

is the effective shear stress and n is the index about 3. The t!'o

dimensional (x, z) continuity equation of mass is given by,

0u

-+Ex
(23)

r+here (u, w) is longitudinal (x) and vertical (z) components of

the flow velocity. For a rough estimation, we assume ' in a

transitional zone, that basal sliding velocity decreases with x

at a constant rate: duu/dx=-r, and that stress components and

strain-rate components are independent of x' This is plausible

for a long parallel-sided slab of constant slope' On the above
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assunptions, we can solve equations (22) and (23) by a method

given by Nye (1957). The method and appropriate boundary condi-

tions for the case of YaIa Glacier are shotrn in Appendix III.

Figure 16 shows calculated result of flow velocity and

norrnal-stress conponents (ox , oz ) in the transitional zone of the

YaIa Glacier. It is shown that the transitional zone is a com-

pression zone \+rhere compressive stress difference (or-o, ) is fron

40 to 120 (kPa), and upward movement of ice occurs as the result

of compression; the velocity is 2.2 (m a-r) at the surface' Ageta

et aI. (1984a) observed a vertical component of velocity of L.2 lo

1.8 (rn a- 1 ) against snow surface ( i . e. , the ernergence velocity)

in the superimposed-ice zone and in the ablation zone on the YaIa

glacier in 1982, If the glacier bed is approxinately parallel to

the glacier surface, we can consider that this emergence velocity

is caused by the cornpression of ice at the transitional zone' A

similar phenomenon r+as observed by Collins (1972 ) on Rusty GIa-

cier in Yukon Territory, Canada. He concluded that the Iower part

of the Rusty Glacier acts as ice "dan" against glacier movement '

Later on, it appears that basal tempelaLure of this glacier shows

temperature inversion (Clarke and Goodman, 1975)' Further inves-

tigation is necessary to confirn the upward rnovement of ice at

the compression zone at the melting to freezing transition'

On the contrary, the boundary of freezing to nelting transi-

tion, e.g', the transitional zone betr"een cold infiltration zone

and temperate infiltration zone, is an extension zone' In this

zole, dor,rnward movement of ice (i.e., submerBence flow) is ex-

pected. If the tensile stress is high' a crevasse can be formed
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zone as discussed by Lliboutry et al

Figure l7 shorn,s schematic flow lines drawn on the idealized

glacier. It should be noted that Blacier flow is affected by the

temperature condition in a glacier as weIl as by the bed rock

topography and roughness of the bed.

6-2. Instability of the inversion type glacier

The inversion type glacier is in a potentially unstable

condition, because the upper mobile temperate snow and ice is

stopped by the lower cold ice "dam" \*'hich is frozen to the bed

rock (see e.g, Fic. 6). If the "dan" happens to be broken for

some reasons, a rapid advance will occul with a positive feed

back system, e,g., creep heat production, and cracking and infil-

tration of water into the ice.

I,loreover, the cold impermeable ice seems to dan up wat'er

from the upper temperate infiltration zone' Figure 18 shows the

"water stot:age system" occurring in a ice cap; this is rewritten

frorn figure 2 afler Schytt (1969). In the temperate infiltration

zone, considerable amount of water (Q"-c"(i)*) infiltrates into

the deeper firn layer. The ternperate ice is known to be slight

permeable. Thus the temperate ice can be saturated with water'

Indeed, r+e observed water spouting out from the ice during drilI-

ing observations at Y9-a and Yl1 on the Yala Glacier' If the

level of the water rises higher, this water will brake the lower

ice "dam" and cause a glacier surge with a lot of water dis-

charge, Iike "iokulhlaup" ' Further investigation is necessalv to
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clarify the role of the water storage system in glacier surge.

In the Himal-ayan regions, there are many thick debris cov-

ered glaciers. Thls debris covered ice is considered to be a

relic ice which had advanced in the LittIe Ice Age as described

in section 2-1. The existence of such ice rnasses suggests that

the stability was broken in that age. For instance, if we consid-

er that the mean air temperature is gradually lowered 2"C, the

zone boundary at the altitude of 5270 m on the YaIa Glacier will

go downirard about 250 m in altitude in accordance with equation

(8). This means that the cold ice "dam" wilt be buried by snow

and will become "temperate" throughout; it nay produce a rapid

and great advance of the glacier. Here, we would like to point

out that the fluctuation of glacier is greatly affected by chang-

ing of therrDal condition (zonal condition) in a glacier as well

as by changing of mass balance on a SIacier.

Again, r+e would like to point out that aI1 glaciers with

tenperature inversion are in a potentially unstable condition.

According to Post (1969), many surge type glaciers are located in

a transitional area fron maritine climate to continental clilnate.

Such an area migltt be cold in r{inter (FI>2000"C day) and there

wiII be considerable precipitation (P">700 nmHzO) ' Thus we be-

lieve that the inversion type glacier can be a surge type gIa-

cier. (Sone surge type glaciers may not be the inversion type ' of

course. ) Indeed, the ice cap of Vestfonna and Black Rapid Glacier

(Table I) are well-known surging glaciers' Further investigation

wiIl be very useful to confirn the relationship of the inversion

type glaciel to the surge type glacier throughout the wolld'
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CONCLI.]DING REMARKS

\rie have stated that thermal regime and stratigraphic condi-

tions of a glacier are determined by three amounts of water'

i.e., annual infiltration water: Q", annual internal accumula-

tion: ca(i) and annuaf surface balance: b"(s)' A glacier can be

dividedintoseveralzoneSwithdifferentthermalconditions

aecording to the relation among Qa, c"(i) and b"(s)'

In this study, the most important findings are sunnarized as

fol lows :

(f) The inversion type glaciers, which are in disagreement wlth

previous classification such as temperate or sub-polar glaciers,

are widely distributed in the world'

(2) This glacier has a temperate zoie (temperature is at the

nelting point throughout) in the accumulation area and a cold

zone (temperature is negative) in the ablation area'

(3) Such glacier can be found in the regions where winter is cold

(the freezir-rg index exceeds 2000"c day) and annual precipitation

is more than ?00 (mmHzO).

(4) Such Slacier- is in a potentially unstable condition' because

the upper rnobile temperate ice is damned up by the lower cold ice

frozen to the bed rock' This instability can produce a rapid

advance of the glacier, i'e', the glacier surge '
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ApPendix I

List of synbofs

a(s) Surface ablation

ar, (s) Surface ablation during half rnonth

A Amplitude of seasonaf air temperature variation

b(s) Surface balance

b" (s) Annual surface balance

Net balance during f986-87

c"(i) fnternal accumulation during winter

c"(i) Interual accumulation duling summer

c. (i) Annual internal accumulation

c" (i)* Maxirnum annuaf internal accurnulation

bn

Thickness of annual layer

Freezing depth or penetration depth of winter coldness

Flow law parameter (5.3x10-24 s-1 Pa- 3 )

FI Freezing index

d

D

E

Ph

P*

―

ｌ

ｔ

ｉ

ｌ
‐
…

―

ケ

ー

…

…

…

…

…

ｌ

ｉ

Ｆ

Ｌ

Ｉ

を

Ｌ

Ｅ

磁

Ｅ

Ｅ

Ｄ

Ｅ

■

Ｅ

■

■

K

P

Thermal conductivity

Latent heat of fusion of ice

FIow 1aw index (3)

Plecipitation

Precipitation during half month

Precipitation during winter

P. Annual PreciPitation

>P

a

Q.

r

Cunulative precipitation during w inter

Infiltration water

Annual infiltration water

Decreasing rate of basal sliding velocity
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t
La

T

Tl

Ta

u

ub

x

z

d

7

7h

Ox

Oz

p

Ps

PL

PH

Lp

T

(t)

0

0"

0a

T ime

365 days

Air tenperature

Half month mean air temperature

AnnuaI mean air temperature

Longitudinal component of flow velocity

BasaI sliding velocity
Vertical component of flow velocity

Longitudinal axis

Vertical axis

p"/(p i-,o" ), a parameter for ice formation

Effective strain rat e

Probability of sol id precipitation

Probability of solid precipitation during half month

Longitudinal component of normaf-stress

Vertical bornponer-rt of normaL-stress

Density of snow and firn

Density of initial snow at the surface

Ice transition density (0.83 Mg m-s )

Density of winter snowfal l

Density increase of firn due to freezing

Effective shear stress

Free water content per unit volurne

Firn t emperature

Firn temperature at end of summer

Firn temperature at beginning of sunmer

41



I'lethod of numet:icaf cafcu lat ion

In order to solve equation

heat content per unit volume, f,

477):

Appendix II

for

for

finite difference

given by,

(15), we use apparent amount

as (CarsIaw and Jaeger, 1959;

0° C

O° C
(Al)

ｆ

　

　

　

・

Ｏ
　
　
　
ｐ

r P cO
f=.1

LLa

The explicit scheme of

equation (15) is, then,

く

　

　

〓

θ

　

θ

△ t

f(1,j)=f(i,j-1)+― K(i)(θ (1-1,j-1)+θ (1+1
△ z2

[ :i :|:lll:| ||:l :|:lll::(lil)lilili=]|:

approximation for the

,j-1)-2θ (1,j-1)

(A2)

ω (1,j)=0

,j)/L  (A3)‐
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where f(i,j) and e(i,i) are the heat content and tenperature at

depth z=iAz and at time t=iAt, respectively.

To achieve a stable solution, we must set the tine step

(At) and the depth segment (Az) as:

Knax△ t
(A4)く 0.5

PnttcL.z2

We set At=1 (hour) and Az=10 (cm)

and (A3) by a personal cornPuter.

and calculate equations (A2 )

０
４

ス
■



Appendix III

Analysis of glacier fTow in the transitionaf zone

This analysis follows that of Nye (1957). We have assumed

that all stress cornponents are independent of x and y' Then the

equations of static equilibrium expl'esslng the balance between

the forces applied to a small cube with sides para1lel to the

coordinate axes are

O r,,
-Pg sin d

Oz

0 o.
-pg cos 6

?z

where zxz is shear-stress component, oz

nent and 6 is the slope of the slab.

equations (A5) and (A6) with appropriate

Txz = -pqz sin B

oz = _p_pgz cos p

where p is the atmospheric pressure.

The strain rate conponents can be

equation (Nye, 1957):

au

―

― Eτ n-l σx

Ox

Эu
τ xz

By substituting (A7 ) into
to h (bottom), rve get the

―
= 2Eτ n_1

3z

(A5)

(A6 )

is norrnal-stress compo-

We can easily int egrat e

boundary conditions:

(A7)

(A8)

given by the flow 1ow

(A9)

(A10)

(A10) and integrating it with z form z

Iongitudinal velocity compone.nt:
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u=ub+2Ep

ub=u0-rx

where uo is the slidinB

decreasing rate of the sl

continuity equation (23),

g sin β

 l}n_lZ dZ

velocity at x=0, and r

(All)

■s a constant

iding velocity. In order to satisfy the

the vertical velocity component must be

w = -r(h-z)

The negative sign denotes upward movement.

By the definition, the effective shear stress

deviator are

The boundary conditlons are summarized

(1) Ice thickness is 50 n in the nelting

freezing zone.

(2) The length of the transitional zone is
(2) The slope angle is a constant value of

(A12)

and stress-

as f ollorvs:

zone and 65 n in the

300 m

15°

τ
2 =σ x'2 +τ xz2 (A13)

and

zox, = (ox -oz (A14)

From equations (A?), (A9) with (A11), and (A13)' we can calculate

z as the function of z. Then, we can integrate the second term

in the equation (A11) nunerically. We thereby evaluate the flow

velocity (u, w) and normal stress components (o*, o,) in the

transitional zone of the YaIa Glacier'
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(3)SurfaCe floW Velocity

14 (m a~1)in the freezing

bottom ■s estimated tO be

in the nelting zone

sliding velocity at
is 20

zone

14 (nl

(m a~1)

Then the

a-1).
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