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ABSTRACT. M eteorological observations were made on Lewis G lacier, Mount K enya, during the " long 
rains" in April 1960. General meteorological observations indicated rather similar conditions to those found 
in other months. Ablation occurred on each day but amounts were generally small. Rather more accumulation 
occurred than is expected during the dry season, but again amounts were small. The net accumulation over a 
10 day period was only o · 38 cm. water-equivalent, although about 30 cm. new snow (about 10 cm. water
eq uivalent) was lying when the expedition arrived. Detail ed observations of short-wave radiation, tempera
ture, wind and humidity with estimates of long-wave radiation were used to calcu late the heat balance at the 
surface of the upper ablation region. Agreement between calculated and measured ablation was reasonably 
good. Over the periods considered, radiation accounted for 89' 5 per cent of ablation, turbulent exchange 
from the air for 8· 0 per cent and evaporation for 2' 5 per cent. Sub-surface m elting was taken into account 
and the formation of ice bands in terms of such melting is discussed . 

RESUME. 0lelques observations du climat du Lewis Glacier, Mount K ell)1a, pendant la saison des pluies. D es observa
tions meteorologiques ont ete eff'ectuees au Lewis Glacier, Mount K enya, pendant les grandes pluies d'avril 
1960. Les observations meteorologiques generales montrent d es conditions analogues a celles des aut res mois. 
L 'ablation avait lieu ch aque jour, mais ses va leurs etaient generalement faibles. L'accumulation etait p lut6t 
forte comparat ivement a celle attendue pour la saison seche, mais ses valeurs auss i etaient faibles. L'accumula
tion nette pendant une periode de 10 jours etait seulement d ' une valeur en eau d e 0,38 cm, meme si environ 
30 cm de neige fraiche (environ 10 cm valeur en eau) couvrait la surface a l'arrivee de l'expedition. D es 
observations detai llees d e la radiation a courte longueur d'onde, de la temperature, du vent et de l'humidite, 
avec l'estimation d e la radiation a grande longueur d'onde ont ete utilisees pour calculer le bilan thermique 
a la surface de la zone superieure d'ablation. L'accord entre l'ablation calculee et mesuree etait raisonnable
ment bonne. Pour la periode consideree, l'ablation etait due pour 89,5% a la radiation, 8,0% a l'echange 
turbulent avec l'air, et 2,5 % a l'evaporation. On a tenu compte de la fonte sous la surface d e la neige, et 
la formation de strates de glace par suite de cette fonte es t discutee. 

ZUSAMMENFASSUNG . Eillige Beobachtllllgen ltber das Klima am L ewis Glacier, Mount K enya, wiihrend der R egenzeit . 
Meteol'Ologische Beobachlungen wurden am Lewis Glacier, Mount K enya, wahrend del' " langen R egen" 
im Apri l 1960 angestell t. Aus a llgemeinen meteorologischen Beobachtungen ergaben sich Verha ltnisse, die 
denen in anderen Monaten zieml ich ahnlich sind. Ablation trat tagli ch ein , doch im a llgemeinen mit kleinen 
Betragen . Erheblich mehr Auftrag, a ls man in del' Trockenzeit erwarten kann, fand statt, doch auch hier 
waren die Betrage klein. Die Netto-Akkumu lation wahrend einer Periode von 10 Tagen war nul' 0,38 cm 
Wasserwert, obwohl bei del' Ankunft d el' Expedition rund 30 cm Neuschnee (entsprechend rund 10 cm 
Wasserwert) lagen. Eingehende Beobachtungen del' kurzwelligen Strahlung, d e l' Temperatur, d es Windes 
und d el' Feuchtigkeit wurden zusammen mit Abschatzungen del' langwelligen Strahlung zu .~ iner Berechnung 
d es Warmehaushalts an del' OberAache im oberen Ablationsgebiet herangezogen. Die Ubereinstimmung 
zwischen del' berechneten und gemessenen Ablation war recht gut. Im Beobachtungszeitraum wurde die 
Ablation zu 89,5% durch Strahlung, zu 8,0% durch Warmeaustausch mit turbulenter Luft und z u 2,5% 
durch Verdunstung verursacht. Schmelzprozesse unter d er OberAache wurden berucksichtigt; die Bildung 
von Eisba ndern a ls Folge solcher Pl'Ozesse wird diskutiert. 

INTRODUCTION 

The Mount Kenya International Geophysical Co-operation Expedition (April 1960), led 
by Dr. I. S. Loupekine, was intended as a follow-up to the I.G.Y. expedition led by Dr. I. S. 
Loupekine in ' 957- 58. This paper presents the results of the meteorological programme. The 
expedition is deeply indebted to Professor Gordon Manley for his guidance and support, and 
to the Royal Society for the allocation of a grant. 

GENERAL 

Glaciers persist on three equatorial African mountains, namely Kenya, Kilimanjaro and 
the Ruwenzori range. The main physical features of these glaciers have been studied in some 
detail (Spink, 1947, 1949; Bergstrom, 1955 ; Charnley, '959). All the glaciers have been 
observed in various stages of retreat and decay which has been greatly accelerated during the 
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last 30 yr. There is, however, a paucity of m eteorological data, al though the climates of the 
surrounding regions are well known. Exceptions to this are the observations made by the 
I.G.Y. expedition to Mount K en ya in December 1957 and J anuary 1958 (Charnley, [959) 
and those made by the British Ruwenzori Expedition in July a nd August [952 (Bergstrom, 
[955). Whittow ( [ 960) has analysed the wind streams of the Ruwenzori region and related 
them to the known accumulation and ablation seasons. Whittow and others ( [963) have 
given some temperature and radiation measurem ents and commented on the apparent 
correlation of m elting with intense insolation. 

One of the outstanding problems remaining in our knowledge of the eq uatorial glaciers is 
the role played by radiation and m eteorological agents, respectively, in the heat balance and 
ablation of the glaciers. No analysis was made by either of the a bove-mentioned exp editions. 
Bergstrom has rem arked, however , that meteorological factors apparently play a minor pa rt 
and Whittow has com e to a similar conclusion. He based his findings on the apparent increase 
of ablation above a certain height in the Ruwen zori range, which is contradictory to findings 
on glaciers at other latitudes. The cause is less cloud on the high er slopes and h ence increased 
radiation . Spink ( [ 947, p. 334- 35) has stressed the apparently decisive influence of radiation 
on the rapid retreat of the Kilimanjaro glaciers. 

In South America, Rowel! (1953) worked on a glacier in the Nevado de Huagaruancha 
(Iat. [ 0 ° S. ) . H e related the m elt to the duration of sunshine and concluded that ablation 
was almost totally due to radiatio n. 

There is an extensive literature on the h ea t balance of glaciers in higher latitudes, and it 
is clear from this that the relative importance to a blation of the different agents is d ependent 
on the season, the m ean altitude of the glacier and the situation on the glacier. Thus, turbulent 
exchange from the air will be an important source in high summer, on low-altitude glaciers 
and on the lower levels of these glaciers. Conversely, radiation plays the dominant role in 
spring, and on the higher levels of a glacier where the air is below freezing point. ' !\fallen 
( , 948) has given a good account of seasonal variations on both alpine and high-latitude 
glaciers, and Adkins ( , 958, p. 204) has summarized conditions obtaining at different latitudes. 
These findings appear to support the claim tha t on high-altitude glaciers near the Equator 
ra diation is the dominant factor causing ablation. However, the position of any glacier snout 
must be determined to a great extent by its ability to survive the increasingly warm m eteoro
logical environment. It is to be expected, therefore, that even on equatorial glaciers, the 
lower regions of the glaciers will be affected by m eteorological factors even although they 
are not exposed to extreme summer conditions. I t is shown in this paper that this appears to 
be the case on L ewis Glacier. 

The role of evaporation on the ablation of high mountain glaciers in low-latitude regions 
h as a lso given rise to much discussion . Sharp (195 [) has stated that in the Sierra Nevada, 
California, at a h eight of [2 ,000 ft. (3,700 m .) onl y I per cent or a snow slope was evaporated 
but C hurch (1953) h as concluded that more than h a lf the melt water at these altitudes is 
evapora ted. Lliboutry ([954, p. 332- 33) has o bserved that varying amounts of m a terial are 
evaporated or sublimed and that a good deal of melt water disappears in this way. Several 
studies have been m ade on the role of evaporation on high-latitude, low-a ltitude glaciers 
(Sverdrup, '935; Wallen, 1948), a nd it is clear that evaporation is controlled by prevailing 
m e teorological conditions. Both of these authors found that generally condensa tion far 
exceeded evaporation during the ablation season. It is shown in this paper tha t evaporation 
on Lewis Glacier is more prevalent than condensation but it acts more as an inhibiting agent 
to ablation rather than an agent of ablation itself. The most striking attribute of intense 
radiation , coupled with low temperatures and the controlling action of evaporation, is the 
formation of p enitentes or sun pits (Matthes, 1934). Several other workers have a lso discussed 
these peculiar formations and the n ecessary conditions for their growth. They onl y occur at 
high a ltitudes, a lthough they h ave been observed on mid-latitude glaciers (Matthes, 1934; 
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Odell, 1941 ; Lliboutry, 1954) . On the East African glaciers, they have been observed on 
Kilimanjaro but not on Mount K enya or the Ruwenzori (Spink, 1947, p. 334- 36) . Small sun 
cups have been observed on Mount K enya but they do not grow to any appreciable size. 
Penitentes require for their growth a high rate of evaporation, intense insolation, low air 
temperatures and calm weather. From the analysis of the h eat balance given in this paper, 
evaporation does not appear to be sufficient on Mount K enya because of rather moist air 
streams, nor are there enough periods of prolonged sunshine. V ery similar conditions are 
known to exist on the Ruwenzori (Bergstr6m, 1955) but conditions on Kilimanjaro are 
somewhat different. The glaciers are some 2,000- 3,000 ft. (610- 915 m .) higher than those on 
the other two mountains. The ice fi elds often protrude above the cloud belt, at leas t on the 
eastern slopes (Spink, 1947, p . 277), and the a ir is generally cold and dry. A proposed 
mechanism for initial penitente formation due to local collapse of the snow surface is given in 
this paper. 

The purpose of the 1960 expedition was to study meteorological conditions in some detail 
on the upper firn field ofLewis Glacier (Figs. I and 2), and attempt to relate them to m easured 
ablation. The findings would be relevant to conditions obtaining on other equatoria l glaciers. 

The choice of Lewis Glacier was due mainly to the large amount of glaciological work 
that had a lready been done on this glacier; it is also reasonably accessible. The expedition 
furth er decided to study the glacier during the wettest month in the so-called " long-rains" 
period. 

The main climatic fea tures of the area are well known. There are two rainy seasons 
annually: the " long rains" of March to May and the "short rains" of November and Decem
ber. The latter are often the h eavier of the two in the Mount K enya region. There is a 
secondary maximum on the north-western slopes during July a nd August. In between 
seasons the weather is usually dry. On the mountain itself, due to the formation of diurnal 
cloud round the peaks throughout the year, light snow or hail can occur in any month (R eid , 
1959) . Further, as the findings of the expedition show, ablation does not cease during the 
accumulation season. All that can be said is that the rainy seasons are periods when the 
accumulation usually, but not a lways, exceeds ablation. Over the period of the present 
expedition there was actually only a small ne t accumulation. It was, however , a poor rainy 
season in surrounding di stricts . 

M ean monthly temperatures and winds at a height of 16,000 ft. (4,880 m. ) over Nairobi 
about 100 miles (160 km. ) south of Mount K enya are shown in Fig ures 3a and b (East African 
Meteorological Department, 1960) . These figures were interpolated from radiosonde m easure
m ents made at the 500 and 600 mb. pressure levels (5,876 and 40470 m., r espectivel y) . 
They a re expected to be relevant to the Mount K enya region, as the same upper easterly a ir 
stream covers both regions. 

Prior to the expedition 's arrival, about 30 cm. of fresh snow h ad accumulated. 

PROGRAMM E OF OBSERVATIONS. SITE OF l\1ETEOROLOGICAL STATION 

A meteorological sta tion was set up on the same. ite as the 1957- 58 I.G.Y. expedition. 
As a who le, the g lacier slopes towards the south-west but near the centre at a h eight of 4,750 m . 
there is a fa irly level stretch, where the station was sited. All the instruments were placed here 
except for the Campbell- Stokes sunshine recorder, which be ing rather heavy, was placed on 
som e rocks a bout 200 m . south-east of the station. The site was n ear the top of the a blation 
region. 

GENERAL METEOROLOGICAL OBSERVATI ONS 

A egretti a nd Zambra the rmoh ygrogra ph recorded temperature and humidity con
tinuously. It was housed in a standard Stevenson screen, transported in sections and assembled 

https://doi.org/10.3189/S0022143000019298 Published online by Cambridge University Press

https://doi.org/10.3189/S0022143000019298


.... 
, 

"
',

-

--
-.

..
--

--
-

X
' 

/
/
 
\
'
,
 

, 
I (.
 .....

.... 
_-

-..
 ' 

...
 '"

'~
 

" 

...
 /\

,
 

.....
.... 

;:
,.
-.
~.
, 

3 
5

; 
~;.

J. 
_
~
.
_
 

4
0

"
 E

 

\ 
~.
 _

..
 

I" 
. 

I 
« 

\ 
• 

o 
. 

' 
z 

\ 
. 

~ 
i 

K
E

 N
Y

" 
\ 

~ 
/ 

I 
No

"""
 
~
 

"
"

/0
,,

' 
_ 

.'" 
-,

~
 

-
-

I 
\~
"~
fM
t.
~.
n~
\ 

..... l .... '
 ..... N

o'r
o~i

 
'-

{t
o 

K
ili

 m
a"

jO
ro

 

T
A

N
Z

A
 

'A
 

;,,'
s 
~
 

~
O
O
k
m

.\ .
....

. 
MO

·~
i
/
 

-,
 \ 

0
0
'


...
....

. b
 

\ 

" '-
~
 \ 

---
\ \ '\

 '\
 

• 
_

_
 lS

Ii
n

t 
po

nd
 

_
_

_
 ..

 ~
 _

_
 -

..
 

/,T
O

fJ
 

..
 bc

P 
\ 

,"'"
 

/
' 

\ 
I 

/ 

. 
" 

I 
-
-
-
-

... 
-

I 
I 

I 
~
\
~
~
-
"
 

\ 

\ 
I 

\ 
1 

--',
\ 

\ 
--
~
\
 

\ 
-
-
-

) 
\ 

( 
".

/ 
\ 

-
-

\ 
I 

,/
 

_
-.

' 
~
-
.
,
/
'
"
'
-

-
-

/ 
r
~
 

/
~
 

___
 J 

~
-

"-
, 

L _
__

_ l
./

 

V'
 

-
-
-
..

 
./

 
, 

F
ig

. 
I.

 
Sk

et
ch

 m
ap

 s
ho

w
in

g 
th

e 
lo

ca
tio

n 
o

f L
ew

is
 G

la
ci

er
 o

n 
M

ou
nt

 K
en

ya
 

N
 

C
o

 n
to

u
 r

 
(;z

O
Q

IJ
I,

 
I 
nt

~
r'

t'Q
l) 

~
t
r
f
Q
.
.
 

~
 

T
a

rn
 

_ 

M
a

l
or

 
pe

ak
 

G
lo

e
 i 

c 
r 

C
? 

R
ou

te
" 

of
 

C
X

p
c

d
l,

Io
n

 

H
u

' 
• 

).
4

ft
 ..

 o
rO

I0
9

'c
O

I 
it

o
tl

O
ft

 
Cl

 

k •
. 

o 

IV
 

-.
J
 

o '--
< o c: ~
 z » t-<
 o "1
 

C'
l 

t"
 » o o t-<
 o o -< 

https://doi.org/10.3189/S0022143000019298 Published online by Cambridge University Press

https://doi.org/10.3189/S0022143000019298


OBSERVAT I ONS ON THE CL I MATE OF LEW I S GLACIER, MO UNT KENYA 271 

Fig. 2. Condition of Lewis Glacier at the lI/J1ler fim field in Al)ril 1960 
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on the site . Aluminium foil was pasted over the roof to reduce radiation heating. Readings 
were checked daily against a whirling psychrometer, with which they agreed within 0·5 QC. 
Records are complete for the period 2- 12 and 14 April. On 13 April the chart was lost in a 
strong wind. The records for 12 and 13 April are thus only partly complete but they are given 
to preserve continuity. As the weather was markedly similar on 13, 14 and 12 April , the errors 
introduced are not appreciable. Daily and hourly values of temperature, humidity and 
sunshine are shown in Figures 4- 8. Visual observations of weather were made four times daily 
at 06.00, og.oo, 12.00 and 15.00 hr. G.M.T. 

TEMPERATURE PROFILES NEAR THE SURFACE 

Temperatures at heights of 0·5, 2·0 and 4.0 m. above the surface were measured with 
Stantel type GT52 thermistors fixed to an aluminium mast (Fig. g). They were shielded from 
direct radiation by aluminium boxes, open only to the north and south. The thermistor 
elements were mounted on aluminium strips and protected with wax. Temperatures were read 
on a portable Wheatstone network, which was carefully calibrated against each thermistor 
in situ . The circuit was similar to one used by Ward ( 1952, p. Ilg). 

HO 
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Fig. 4. Mean daily temperatures for the period 1- 15 April 1960 
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Fig. 5. M ean and extreme values qfhourly temperature: (a) maximum vallles; (b) mean values; (c) minimum values 
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Fig. 7. M ean hour(y relative humidity 

Mean profiles were obtained by averaging temperatures over periods varying from 5 to 
30 min. The bridge was switched to each thermistor in turn, a set of readings being obtained 
in about 5 min. 

During the daytime, direct radiation caused h eating of the shields, which in turn caused 
large errors in the a mbient temperature readings. R eadings a t 2 m . were checked against 
thermograph readings at I ' 5 m. , with a suitable correction, and found to be several d egrees 
Centigrade in excess during periods of strong radiation. The thermistor at o· 5 m. was found 
to give the largest errors. This was expected, as the errors are sensitive to wind speed , and the 
wind profile above the surface is known to be approximately logarithmic. Errors were generally 
too high to make readings of this thermistor of any use. At 2 and 4 m . the radiation errors are 
n early equal. The difference in error can be calculated by a method similar to that used by 
Liljequist (1957, p . 244), who used a simple relation b etween the error and simultaneous wind 
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Fig. 9. Thermistor mounted in an aluminium shield 
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and radiation readings. The error difference was calculated using values of temperature, 
radiation and wind taken at 5 min. intervals over a period of 3 hr., and it was found to be less 
than o· 1°C. 

For periods when the snow surface was melting, profiles were obtained subj ect to the 
following assumptions: (I) the air immediately above the snow surface is at o·ooe.; ('2 ) the 
temperature at '2 m. is the thermograph reading at 1·5 m. (suitably corrected); (3) the 
gradient between '2 and 4 m. is the difference between the recorded thermistor temperatures . 

Some typical profiles at different times of the day are illustrated in Figure 10. When the 
snow first melts in the morning, the air temperature is still below zero and a steep lapse in the 
lower layers results. By mid-day the stability is approximately neutral, and in the afternoon 
the air has been modified before reaching the glacier by flowing over ground which has been 
warmed by the sun's radiation. Thus a small inversion develops above the surface. Figure I I 

gives the frequencies of daytime gradients between '2 and 4 m. It shows that the gradient is 
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Fig. 10. Typical temperature profiles representing diJferent conditions 
(a) IO.OO hr. (13 April 1960); (b) 12.20 hr. (5 April 1960); (c) 15.15 hr. (9 April 1960); (d ) 19.00 hr. (IO April 1960) 

10 

8 

>- 6 
u z ...... 
§ 4 ...... 
et: 
~ 

2 

o 

o 

o 

OL.~0~2~~OL.O---+-O~2----+0L' 4---+-0L'-6 --+-0~·-8 --t-IL.O---+-1 '-2----

TEMPERATURE GRADIENT 0C./ METRE 

Fig. I I. Frequency distribution of daytime temperature gradient between 2 and 1- m. above the surface 
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never steep, and with afternoon temperatures at about I· o°C. the profiles are more nearly 
linear than logarithmic. It also includes morning profiles and thus shows that the lapse-rate 
near the surface is shallow. During the later evening periods, the thermistor shields are not 
subject to intense heating, and hence for these periods the temperatures at 0·5 m. are also 
shown. Surface temperatures were obtained by placing an accurate mercury thermometer on 
the surface, with the bulb covered with a thin layer of snow. A typical profile is given in 
Figure Iod, which shows the shallow inversion that develops rapidly near the surface when 
the net radiation becomes outgoing. The air cools partly by direct radiation exchange with 
the surface and partly from turbulent conduction. Robinson (1950) has stated that the cooling 
can be wholly accounted for in terms of radiation exchange; turbulent transfer probably does 
not set in until the inversion has become well established. The snow surface cools rapidly 
because the thermal diffusivity of the snow is small. The formation of a night "cold wave" 
in the surface layers is being investigated. 

WIND MEASUREMENTS AT Two HEIGHTS 

Wind speeds at heights of I ·00 and 2·25 m. were determined with two Sheppard cup 
anemometers supported on aluminium poles. They gave run-of-wind values which were 
averaged over different periods to give a mean wind strength. 

Now the wind gradient at a height Z can be written in the form given by Deacon (quoted 
by Priestley (1959, p. 24)) 

ou = A - fJ ( I ) 
OZ z, 

where fJ > I for lapse conditions, fJ < I for InverSIOns and fJ = 1 for neutral conditions. 
Then for neutral conditions 

OU A 
OZ = -Z 

Integrating, and inserting suitable constants 

~ = ~ln2. (2) 
u.. k Zo 

is obtained for aerodynamically rough flow, where u .. is termed the friction velocity, k is von 
K armim's constant and Zo is a roughness parameter. Aerodynamically rough flow would 
occur for velocities greater than about 0·5 m ./sec. at 2·25 m. 

On the glacier, the wind is very fitful and erratic after mid-day, when it becomes light and 
variable. However, it was possible to calculate a value for Zo from a period of 3 hr. when 
conditions were known to be neutral. The value of 0·2 cm. obtained agrees with a figure of 
0·25 cm. obtained by Sverdrup (1936), but it is higher than the figure of o· 10 cm. quoted for 
conditions over a smooth snow surface by Priestley (1959, p. 2 I) . 

Due to the lack of detailed observations necessary to calculate the stability, it was not 
possible to ascertain values of fJ for conditions other than neutral. According to values given 
by Deacon (quoted by Priestley (1959, p . 24)) , fJ varies between 0·7, for very stable conditions, 
and 1·2, for very unstable conditions. 

Figure 12 gives wind speed at 2·25 m. plotted against m ean time of observation for all 
p eriods of observation. The generally light nature of the wind during the afternoon is clearly 
illustrated and is a very characteristic feature of the mountain. At this time the main air 
stream is replaced by convectional up-currents which reach almost to the topmost peaks. 
During April they were typically from the south or south-east, but they have been observed 
from the west in January (Charnley, 1959, p. 490). Wind speeds at 16,000 ft. (4,880 m. ), 
measured by radiosonde at Nairobi at 03.00 and 14.00 hr. local time and covering the period 
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Fig_ [ 2 _ Wind-speed values at 2 m_ plotted against mean time of observation, illustrating the typical decrease in wind during the 
afternoon 

o 6- [[ April 1960; 0 12- 13 AI)r;1 1960 

of observa tions on the mountain, are shown In Table I. There is apparently no obvious 
decrease in the speed of the main air stream at 14- 00 hr_ as exhibited by the local winds. 
Wind speeds measured in the morning on the glacier, however, a re seen to be of the same order 
of strength. The strengthening of the wind during 12- 14 Apri l on the mountain is refl ected in 
the radiosonde measurem ents. It is shown in Figure 10 that the glacier wind did not abate 
during the afternoon on these three days, and the strong winds appeared to over-ride any local 
effects. 

SHORT- WAVE SOLAR AND SKY RADIATION MEASUREMENTS 

Total integrated "short-wave" radiation from sun and sky was measured with a Gunn
Bellani sph erical pyranometer, originally described by Gunn and Yeo (195 I ) . Radiant energy 
incident on a blackened brass bulb in an evacua ted glass sphere causes distillation of alcohol 

TAilLE I. WI ND SPEED AT 4,876 m. 

RECORDED BY R ADIOSONDE AT NAI ROBI FOR THE PERIOD I - I S APRI L 1960 
D ale 03.00 hr. (local ) 14. 00 hr. (local ) 

April 1960 m. /sec. m./sec. 
I 

2 
3 
4 
5 
6 
7 
8 
9 

10 
11 

12 
13 
'4 
' 5 

5'5 
2'0 
4 -5 
5 -0 
6-0 
9- 0 
8-0 
7'0 
5-5 
5'0 
8-5 
8-0 

10 -0 
8-5 
7- 0 

S-o 
3- 0 

4-S 
6-0 
S·O 

6 -S 
9- 0 

S-S 
6 -0 
6-S 
8 -S 

12-S 
12-0 
9-S 
S-o 
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in the bulb into a long graduated glass condenser maintained at ambient temperature. The 
volume of the alcohol in the condenser is proportional to the total radiation incident in a given 
period. The instrument is linear over much of its range and accurate to within 10 per cent. 
As used sunk in the firn, the ambient temperature of the condenser (o·o°C.) remains con
veniently constant. The alcohol level had to be frequently re-set during the day. On several 
days the bulb was allowed to run dry, so that the record for those days is incomplete. 

The relation between total daily short-wave radiation and total number of hours sunshine 
is shown in Figure 13. Radiation figures are somewhat higher than values given by Bergstrom 
for the Ruwenzori. However, thick cloud is more prevalent there than on Mount Kenya. 
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Fig. 13. Total daily radiation (in Langleys ) plotted against duration of daily sunshine 

Short-wave radiation measurements were also made with a portable solarimeter con
structed by Dr. J. G. McCulloch and kindly lent to the author. The solarimeter (Fig. 14) 
was similar to one described by Monteith (1959). The a lbedo of the snow surface was deter
mined at different times of the day and over fresh and old snow surfaces. The values were 
obtained by pointing the solarimeter alternatively upwards and downwards. Table II gives 
figures for various conditions and also figures for a period between 10.00 and 15.00 hr., which 
give no evidence of any diurnal change in albedo as reported by Hubley (1955, p. 561 ) . 
However, in agreement with him is the high a lbedo of fresh snow surfaces and during cloudy 
conditions. For purposes of calculating radiation absorbed at the glacier surface, a value of 
70 per cent has been used for all periods. 

CALCULATION OF NET LONG-WAVE RADIATION AT THE SURFACE 

The net long-wave radiation is the difference between outgoing radiation from the snow 
surface, which acts approximately like a black body at these wave-lengths, and incoming 
radiation from the sky. Values for clear sky conditions were estimated using an Elsasser 
radiation chart (Elsasser, 1942 ) and the effective precipitable water-path length between 
different heights above the surface. The latter were obtained from average figures compiled 
by the Meteorological Department (East African Meteorological Department, 1960) for the 
humidity mixing ratio for April at heights of 500, 400, 300 and 200 mb. pressure levels. The 
pressure at glacier level is about 550 mb. This method gave a mean effective water-path 
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length of o ' 28 cm. From a standard Elsasser chart this gives a figure of o' 297 Ly. /min. of 
radiation from a clear sky. Assuming that the snow surface radiates as a black body at 273°K ., 
the outgoing radiation is o · 459 Ly./min. and therefore the net radia tion, which is outgoing, 
is o· 162 Ly./min. However, Robinson (1950) has stated that the E lsasser chart gives a figure 
which is too high for back radiation. Using the curve given by Robinson showing the 
magnitude of error with temperature, the back radiation has been adjusted to o· 250 Ly. /min., 
giving a net outgoing figure of o· 209 Ly. /min. 

Cloudy or partly cloudy conditions also have a marked effect on the net outgoing radiation. 
H ere again it has been necessary to rely on an empirical m ethod of calcula tion given by 
Sverdrup (1935, p. 147)· 

Fig. 14. Monteith solarimeter fixed to an anemometer mast 

r AB LE lla. GLACIER ALBEDO 

SUMMARY OF OBSERVA TIONS 

Sunshine 
Cloud 

Old snow New snow 

69'3 
79'5 

TABLE lIb. GLACI E R ALBEDO 

OBSERVATIONS M ADE A BOVE A FRESH M ELTI NG SNOW SURFACE AT DIFFERENT TIMES OF D AY 

Time Albedo Remarks 

10·45 76 .8 Cloudy 
10.52 7° ' 3 Sunshine 
11.55 73"9 Cloudy 
12.00 77"4 C loudy 
12.10 79'2 Cloudy 
13.00 72 '5 Thick mist 
14.00 79' I Thick mist and hail 
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If R n is the observed net radiation , Ro is the radiation for clear-sky conditions, and C is 
the cloudiness in tenths, 

then R n = Ro( r - o·o75C) . (3) 

This formula has only been used for readings taken in Vestspitsbergen where it was in 
satisfactory agreement, and it is not known how accurate it is under equatorial conditions. 
Another source of error of unknown magnitude is the possible increase in water vapour locally 
over the mountain due to the upsurge of air streams over the mountain. This would tend to 
increase the back radiation and hence decrease the n et outgoing radiation. 

ABLATION AND ACCUMULATION AT THE S URFACE 

Abla tion and accumulation were m easured in terms of lowering or raising of the snow 
surface. The reference mark was a cord stretched tightly between two a luminium stakes and 
knotted in the middle. The distance from the cord to a glass slide lying parallel to the surface 
was m easured. Another cord was stretched to a further stake and used as a check reference. 
The m ethod was similar to the one used by Adkins ( r 958, p . 200). The stakes were hammered 
50 cm. into the firn, which appeared to eliminate any settling due to radiation h eating. 
Accumulation occurred mainly during the night, but for those periods when it occurred 
during the day the m ethod obviously m easures the difference between the accumulation and 
ablation. However, daytime accumulation occurred m a inly during cold cloudy weather , when 
little ablation would be taking place. Furthermore, ablation would tend to be inhibited due 
to re-freezing of the surface. 

D ensity measurem ents were made on different occasions and on layers of snow near the 
surface. H ence the accumulation and a blation in terms of centimetres of water could be 
calculated . Figure r 5 shows the daily and net values of accumulation and ablation for the 
period 6- 15 April. Accumulation only is shown on 5 April. The resultant balance for the 
period was 3·8 mm. accumulation. 

Samples of old compacted snow had densiti es ranging from o · 4 to o· 5 g. /cm .3 but m ore 
typically 0·4g. /cm. 3. The density of fresh snow ra nged from 0'2 1 to 0·32g. /cm.3. It was 
of the n eedle variety and was simila r in density to snow composed of needle crystals reported 
on Blue Glacier, Washington, by LaChapelle ( r959[a] ) . For purposes of calculating ablation 
figures, m ean densities o[ o· 40 and o· 25 g./cm .3 were ta ken [or old and new snow, respectively. 

z~ 
Q ...... 
I- t-

1·0 

:3 ~ 05 
~ . 
~~ 
~ u 
u ~ 
u 
....: 

~ 05~ 
lol L,,,--______ ~I _____ --;~I 

') 10 15 

DATE APRIL 1960 

Fig . I5. Daily values of accumulation and ablation (cm. water-equivalent ). The hatched area represents net loss or gain 
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H EAT EXC HANGE IN THE GLACIE R S URFACE LAYE RS 

This section describes calculations of the h eat exchange and heat ba lance at the glacier 
surface during certain periods in which the m easurements d escribed previously were made in 
detail. During all the periods considered m elting was taking place, eithel" spasmodically or 
continuously. At times there m ay h ave been a defi cit of h eat directl y a t the surface, causing 
a slight fall in temperature below ooe . This is taken into a ccount where necessary, but the 
glacier generally is assumed to be in a state of isothermal m elting with no appreciable h eat 
conducted to or from layers deep beneath the surface . The glacier receives hea t from the 
following sources : 

(I) Short-wave radia tion. 

(2) Long-wave a tmospheric radia tion . 

(3) Turbulent transfer from the air when the temperature gradient is positive. 

(4) Condensation of wa ter va pour when specific humidity increases with h eight. 

It also loses h eat from : 

( I) Long-wave radia tion emi tted by the surface. 

(2) Turbulent transfer to the air when the tempera ture gradient is negative . 

(3) E vapora tion of water vapour when the specific humidity decreases with h eight. 

It is known from m easurem ents at other locali ties tha t solar radia tion penetrates below the 
surface a nd to take this into account a rough model has been used for calculations. This model 
assumes tha t so lar radiation penetrates to a depth determined by a mean absor ption coefficient 
for the snow layers but that long-wave emission takes place from the surface layer, assumed 
to be 2 cm . thick, a nd that turbulent excha nge and wa ter-vapour transpor t a lso take place 
from this layer. As will be seen, the model is useful in expl a ining the fact tha t appreciable m elt 
occurs during certain periods, even wh en there is an apparent h eat deficit in the surface. This 
is then assumed to be due to radia tion which has penetra ted below the 2 cm . surface layer a nd 
melting actua ll y occurs below this layer. The calcula tion is now treated in g reater deta il. The 
2 cm. layer is defin ed h ere as the " surface layer". 

(a) R adiation 

(i) Short-wave radiation . If I is the intensity of incident short-wave radia tion and ex is the 
snow albedo, then 

I n = I ( I - ex) 

will penetra te the surface. If a cm. _ I is the mean absorp tion coeffi cient of the glacier surface 
layers over a ll relevant wave-lengths of radia tion, then 

12 = I n e- 2a, 

where I , is the intensity of r adia tion a t a depth of 2 cm . a nd a n amount 

Is = I ( I -ex)( l - e- 2a ) 

(5) 

(6) 

is absorbed in the surface layer. The radia tion I d a bsorbed below the surface layer is given by 
I d = 12 • No measurem ents of a were made and for purposes of calculation it was necessary 
to deduce m ean values from m easurem ents made by G erdel (1948), Liljequist ( 1957) a nd 
Thomas (1963) in other localiti es . The absorption coe ffi cien t varies with snow density. Va lues 
agree a t the low snow densities "-'0' 2 5 g. /cm .> and th ey appear to decrease linearly with 
increasing density but wi th different slopes, so tha t Gerdel 's figure a t a density of 0 ' 4 g./cm .> 
is o · 1 cm . _ I, whereas T hom as's figure is o' 22 cm. _ I . A m ean va lue of a = o · 2 8 cm. _ I fo r 
" new" snow with a mean density of 0'25 g ./cm .3 , and a = 0 '2 cm.- I for "old" snow with a 
mean d ensity of 0 ' 4 g./cm .> was used. The a ngle of incidence of solar radiation was taken into 
account when estima ting ve rtical penetra tion depths. 
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(ii) Long-wave radiation. The method of estimating long-wave radiation has already been 
given. Water and ice are known to have very high absorption coefficients for the wave-lengths 
concerned. Goody (1964, p. 415 ) has quoted figures of the order of 102- 103 cm. - '. Hence 
radiation will be emitted close to the surface. Due to the grainy nature of the snow, some 
grains to a depth of """1 - 2 cm. will be exposed to the surface. 

(b) Turbulent transfer from the atmosphere 

It is assumed, following Elliot (1964, p. 264), that vertical heat flux due to turbulent 
motion is independent of height during the daytime up to the 4 m . height considered in these 
calculations. 

The transfer Q,A at a height ;:, above the surface is given by 

Q,A = pCpKEl oO(o ;:, (7) 

where p is the air density, Cp the specific heat, K El the eddy diffusivity and aO(a;:, the gradient 
of potential temperature. KH is given by KH = k2

;:,2 aula ;:" ~ where aula ;:, takes on the 
form of eq uation ( r). 

On the majority of occasions analysed condilions were stable with fully forced convection. 
Equation (7) has also been applied to two periods when conditions were unstable. Also, 
neutral conditions have been assumed to further simplify the cal culations. The daytime 
inversions were small and the wind gradient not far from the neutral form. The term 
aO(a;:, and hence Q,A is expected to be small below the surface 2 cm. 

(c) Water-vapour transfer 

Whether water-vapour transfer occurs towards or away from the surface depends on 
whether the water-vapour content of the air increases or decreases respectively with height. 
Near the surface, the vapour pressure serves as a close substitute for the specific humidity. 
The water vapour E transported from the surface in g. cm. _ 2 sec. _ I has been estimated 
from the equation: 

(8) 

where U z and ez are wind speed and water-vapour pressure at a height ;:" eo is the vapour pressure 
at the surface (assumed saturated value at o·o°e. when melting is occurring), Cz is a drag 
coefficient assumed equal to 0'0032 and P is the atmospheric pressure. In spite of the relatively 
high daytime humidity (Fig. 7), the low temperatures ensured low water-vapour concentration 
and in all periods considered ez-eo was negative and evaporation occurred. It can be seen 
that E will be small on entering the surface, because u will be small. 

(d) Calculation of the snow melt 

(i) The surface layer. The "surface layer" has been defined previously as a layer 2 cm. 
thick directly below the surface. The net heat Q, s absorbed in the surface layer is given by 

Q.s = Is-Rn+ Q,A. (9) 

Now, the calculated heat removed by evaporation equals 600E. If 600E > Q.s, then evapora
tion cannot occur at this rate and equation (8) cannot apply. This means, in effect, that there 
is insufficient heat to maintain a free water surface due to re-freezing caused by evaporation, 
and the air immediately above the surface will not be saturated. In these cases, it is assumed 
that Q.s = 600E', where E' is an qffective evaporation rate depending directly on Q,s. (As 
mentioned previously, only evaporation occurred during each period analysed. Of course, 
if condensation occurred at a rate E, then Q,s' = Q,s + 60oE. Further, during no period did 
conditions appear right for sublimation and this process has been neglected. ) Then, if hs is 
the amount of ice melted (in cm. water-equivalent) in the surface layer and he is the amount 
evaporated, 
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then 80hs = Qs - 600E} 
Q S > 600E, 

he = E 

hs = 0 } 

he = E' 
Q s = 600E', E' < E. 

( 10) 

(I I) 

(ii) B elow the surface layer. The heat absorbed below the surface layer is assumed to be I d, 
given by equation (5). Then 

ha = I a/80. 
The only exception to this is when Q s is negative, no evaporation can occu r, and it is assumed 
heat is transferred upwards to the surface layer by conduction and radiative diffusion . 

(iii ) Total melt. The total melt H is given by 

H = hs+ he+ ha. 

TABLE Ill. OBSERVATIONS OF RADIATION, TEMPERATURE, WI ND SPEED, H UMIDITY AND CALCULATED 
TURBULENT EXCHANCE AND EVAPORATION 

D ate Time I I n R n 8,.0 1.12.25 el· s QA 600E 
April Ig60 Ly. Ly. Ly. QC. m. /sec. mm.Hg Ly. Ly. 

( I) 6 11.0 7- 11.42 48 14 ' 4 5'0 0 ' 0 3 ' 3 3'2 0 I ·g 
(2) 6 14.50- 15.45 26 7'7 4. 6 D' 7 2·8 4'0 2'3 1· 0 
(3) 7 11.20- 12.20} - 0·6 6'2 I· g - 3'2 I 1 ·2 

12.20- 13. 20 208 62'4 28'4 1· 1 5 ' 0 2·8 4' 3 6'2 
13. 20- 14-45 1' 1 3' 4 3. 6 4'4 2·8 

(4) 7 14-45- 16.45 148 44'4 18,2 I· 3 2·0 3. 6 4'3 2·6 
(5) 8 11.55- 15.00 163 48 '9 12· I I· 3 2·g 4 '1 8·g 2·g 
(6) 10 11.05- 16,50 222 66·6 23 '2 0'7 4 . 8 3 .8 16·6 15'0 
(7) 11 10.15- 13. 15 16g 50 '7 12· I 0'0 5'3 3'7 0·0 9'4 
(8 ) 13 11.1 5- 12 . 10 82 24. 6 6'4 - 1'3 12·0 2·g - 11' 5 13 '0 

T ABLE I V. DED UCED VALUES IN H EAT BALANCE, CALCULATED MELT AND MEASURED MELT 
(The numbers in brackets correspond to Ihose in Table Ill. ) 

I" a Is I d Q s 600E 600E' hs he hd H Hm 
Ly. cm.- I Ly. Ly. Ly. Ly. L y. lnm. mm . mm. mm. mm. 

(1) 14'4 0 ' 28 6'3 8· I I ' 3 l ' 3 0·00 0 ·02 l ' 10 1' 1 0'5 
(2) 7'7 0 · 20 2'5 5'2 o· 25 0'25 0'00 0'004 0·65 0'7 1· 1 
(3) 62'4 0'28 27'5 34'9 4. 6 4. 6 0 ' 00 0'08 4 ' 36 4 ' 4 3 ' 5 
(4) 44'4 0'28 28'0 16'4 14' I 2·6 1' 44 0'04 2 ' 05 3'5 1 ·6 
(5) 48 '9 0'28 25'5 23'4 22'3 2 ·g 2'43 0'05 2·g2 5'4 3'9 
(6) 66 ·6 0·20 28'5 38 . I 21·g 15'0 0·86 0 ' 25 4'76 5'9 2·g 
(7) 50 '7 0·20 27'9 22·8 Ig·8 9'4 0·80 o · 15 2·85 3. 8 1·0 
(8) 24 . 6 0 ' 28 10'3 14 '3 - 7. 6 0·0 0'00 0·00 0·80 o·g o·g 

TotaL 25'7 15'4 
(~2·6 cm. ) ( ~1·5 cm.) 

The quantities involved in calculating numerical values for equations (9) to (13) a re shown 
in T ables III and IV. In Table IV the measured va lue of melt H m is compared with the calculated 
value H. Table VI gives a few p eriods when data were incomplete and Hm is compared with 

H I n- R n 
1 = 80 

(iv) Percentage contribution to H of different meteorological factors. T able V shows the percentage 
contribution of radiation (h [), turbulent exchange (hQ) and evaporation (he) towards H. 
I t is assumed that the heat of evaporation is drawn eq ua ll y from I s' and QA , except 600E/2 > Is' 
or QA. Then it is assumed that 600E = (Is' or Q A) +f (QA or Is' ) , (Is' = Is- R n). 
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TABLE V . P ERCENTAGE MELT DUE TO R A DIATION (h r), TURBULENT E XCHANGE (hQ) AND E VAPORATION (he) 

hr per cent hQ per cent he per cent H 

( I ) 1 ' 10 9 8 '0 0'00 0 ' 0 0·02 2·0 1·12 

( 2 ) 0·65 99 ' 4 0'00 0'0 0'004 0·6 0·654 

(3) 4'36 9 8 ' 2 0 ·00 0'0 0 ' 08 1· 8 4'44 

(4) 3' 1 I 88 '4 0'375 10 '5 0'04 I · 1 3'52 5 
( 5 ) 4 '43 81 '7 0'94 17 '3 0'05 1 '0 5'42 

(6) 4 ' 76 81 '2 0·86 14. 6 0 '25 4'2 5. 87 
( 7) 3 . 6 5 9 6 '1 0'00 0'0 o · 15 3'9 3. 80 

(8) 0·80 100' 0 0·00 0'0 0'00 0·0 0 · 80 

89'5 8'0 2'5 Weighted mean percentages 

(e) Interpretation of results 

On the average, H ", is in agreement with H to 40 p er cent, which is within the estimated 
error in the calcu lations and measurem ents "'50 per cent. The model gives good agreement 
on 13 April (period 8). At this time there were negative air temperatures and strong winds, 
and a calculated loss of h eat at the surface. However, the m easured melt can be accounted 
for sa tisfactorily by sub-surface melting. A simple calculation of H from the formula 
I n - R n + QA- 600E, disregarding sub-surface effects, gives good agreem en t for periods when 
there was a positive surface balance, but not for times such as period 8. The resu lts given in 
Table VI for 12 a nd 14 April were during similar weather to 13 April, a nd the la rge H m again 
depends on melting at d epth. It cannot be said with complete confidence, however, that this 
is the whole explanation, and further confirmatory results are needed. 

TABLE VI. MEASURED lVIELT (Hm) COMPA RED W ITH CALCU LATED MELT (HI ) FROM NET R ADIATI ON ONLY, 

FOR P ERIODS WHEN OTH ER QUANTITIES WERE NOT AVAILABLE 

Date Period (I n- R n) HI H", 
April 1960 mm . mm. 

12 11.30 - 14.00 38 '2 4 . 8 3 ' 0 
12 15. 15 - 1 7.00 17'4 2·2 I ' 7 

14 14. 10 - 16. 15 2 1 ·8 2'7 1 ·6 

15 11.00- 12.00 17'5 2'2 1·1 

15 12.00- 13.00 11 '9 I ' 5 1 ·6 

It is seen that H", is consistently lower than H for periods 3 to 7 in Table IV and most 
periods in Table VI. The most likely explana tion is the error in estimating the density of the 
snow, as described earlier. Measurements were made at the beginning and end of the a blation 
periods . Because of m elting at depth and the uneven melting of any layer, the snow surface 
becom es pitted and irregula r, and hence the density of the surface layer m ay initia lly becom e 
less during a day's m elt (LaChapelle, 1959 [b] ) . 

The most significant features of Table V are the exp ected large contt"ibutions of radiation 
to the total melt and the very small contribution of evapora tion. It appears that evaporation 
is more effective in inhibiting ablation, as the amount of heat extracted by this process from 
the surface layer is appreciable. H eat gained by turbulent exchange from the air is often 
apparently used up in the evapora tion process but in certain afternoon periods it can cause up 
to nearly 20 per cent of the total melt. 

Pitting of the snow and uneven collapse due to sub-surface melting of ra ndom grains may 
hasten the initial forma tion of penitentes. Although these do not appear to develop on L ewis 
Glacier, they grow to a large size on the higher Kilimanjaro glaciers. A t the higher altitude 
of these glaciers there will be a greater heat deficit in the surface layers and therefore sub
surface melting may be important. It is conceivable that later growth could be explained in 
these terms. If all materia l is removed from the pits by evaporation, as suggested by som e 
authors, then the growth of penitentes must be very slow. 

It is well known that ice bands form below the glacier surface in fresh snow and these have 
been observed by both Charnley and the author. These are probably formed by sub-surface 
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m elting, the water being re-frozen in the cold wave of the following night. This sugges tion 
has been made previously by Lilj equist (1956, p. 103) . They have been observed a few 
centimetres below the surface. Once formed, more water will collect above the band and 
it will thicken with time. As the snowpack becomes older it will compact and become more 
transparent. A rough calculation shows that on ly a small amount of anyone layer will be 
melted on any particular day and this is likely to be re-frozen in the night cold wave. M easure
ments made by the a uthor on a previous expedition in January 1960 of the temperature 
distribution to a d epth of 30 cm. in a fresh snowpack are shown in Figure 16. Observations 
were m ade with an accurate mercury thermometer lowered into narrow holes in the snow. 
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Fig. 16. T emperature profiles beneath a fresh snow suiface for selected times from 08.00 to 11.30 hr. on a clear morning with 
bright sunshine 

Curve (a ) shows that the cold wave had penetrated to a t least 30 cm. and melting will not 
occur much below this level during the day. Not much m elt water will penetrate downwards 
before being re-frozen and in any case it will be a rres ted by ice ba nds. H ence, only the top 
30 cm. or so will compact from the intervention of melting and layers undernea th will compact 
under their own weight. However , free water has been found by the a uthor and Charn ley at a 
depth of about 30 cm. apparently coll ected on an ice band. The observed outflow from the 
g lacier is probably due to water flowing down these ice bands and eventually finds its way 
thl'ough cracks and crevasses. 

Th e temperature- depth curves of Figure 16 a lso illustrate the warming of the sub-surface 
layers under conditions of light wind and bright sun . The observed rates of warming a t the 
three d epths can be accounted for rough ly by employing the model used in the previous 
calculations. 

CONCLUSION 

The main conclusion drawn is that, at least in the middle reaches of the g lacier, radiation 
is easily the larges t agent of ab lation (as pred icted ) , accounting for a bout 90 per cen t of the 
observed melt. The m ean weighted percentage in Table V may be compared with two of those 
quoted by Adkins ( 1958, p. 204) for other regions. On Froya G letscher (Iat. 740 24' N., long. 
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20° 50' W. ) at 453 m . altitude in August, radiation accounted for 8 · 2 per cent, turbulent 
exchange 83' 4 per cent and evaporation 8· 4 per cent. The equivalent figures for Salmon 
Glacier (lat. 56° 10' N., long. 130° 07' W .) at 1,700 m. altitude were respec tively 74'7, 
15 ' 4 and 9' 9 per cent. 

Melting appears to continue throughout the accumulation season and on seven days out 
of ten m easured a blation exceed ed accumulation. H owever, as pointed out earlier, 1960 
appeared to be a poor accumulation season. 

M eteorological observations indicated conditions not unlike those encountered by the 
1957-58 expedition in the early part of an ablation season, and it is the author's experi ence 
tha t climatic conditions differ little over the whole year. This is borne out by Figure 3. 
H owever, large amounts of accumulation , usually from 30 to 100 cm., can only be expected 
during the rainy seasons. The 30 cm. of new snow encountered when the expedition reached 
Lewis Glacier in early April 1960 probably collected during three or four heavy falls but no 
further heavy falls were experienced. Normally, appreciable accumulation would be expected 
during April. 

It is apparent that evaporation can never contribute more than a few per cent to the total 
ablation, although the percentage m ay be greater on higher reaches of the glacier. Turbulent 
exchange may have more effect on the lower reaches near the snout. The strong up-currents 
experienced bring warm air to the area near the snout and it would be interesting to make 
a ir-temperature m easurements there. 

The actual magnitude of the ablation on the firn field is comparatively small and the daily 
ablation period only lasts from about 11.00 to 17.00 hr. Thus the annual turnover both of 
ablation and accumulation would appear to be small compared with that on temperate 
glaciers. 

It is more difficult to expla in the steady recession of the glaciers this century (Charnley, 
1959) from the results obtained. It seems unlikely that the heat balance could have changed 
appreciably during the last half century and it seems more likely to be due to an accumulation 
deficit. However, the laying bare and sola r h eating of scree and bare rocks by the recession 
of the snout will cause the currents reaching th e snou t to become wa rmer, and hence there 
will be a continuous eroding effect on the snout from exch ange with the air. This is the very 
poin t m ade earlier; that the glacier snout must survive an increasingly warmer environment 
th e lower the snout reaches . Also, increasing amounts of dust will be d eposited on the glacier, 
in turn decreasing the albedo with a consequent increase in solar absorption. Charnley (1959) 
has shown that deposition of m ateria l is very evident in the d ry season. As pointed out by 
Whittow and o thers (1963), long-wave incident radiation will be increased considerably near 
the sides of the glacier due to h eating of rocks where there may be net incoming radiation , 
and this is known to lead to side recession. 

Thus, many effects influence the net budget of the g lacier and more observations are needed 
before any firm conclusions can be reached. 
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