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ABSTRACT. A physics-based snow model has been ca librated using data collected at 
H a ll ey Bay, Anta rctica, during the Internationa l G eophys ical Year. Va ri ations in snow 
temperature a nd density a re well-simu lated using values for the m odel parameters wi th­
in the range reported from other pola r fi eld experiments. The effect of uncertainty in the 
parameter values on the accuracy of the predictions is no greater than the effect of instru­
mental error in the input data . Thus, thi s model can be used with p a rameters determined 
a priori rather than by optimizati on. The model has been validated using an independent 
data se t from H alley Bay and then used to estimate 10 m tempera tures on the Antarctic 
Peninsula pla teau over the las t h alf-century. 

1. INTRODUCTION Phys ics-based m odels for simu lating processes in snow 
have been deve lo ped by many autho rs; those few which 
have been transla ted into fu ll y developed computer pro­
g ram s include SNTH ER M (Jord a n , 199 1), C ROCUS 
(Brun and others, 1989, 1992) and DA ISY (Bader a nd Wei­
le nm a nn, 1992). In this paper, the p erform a nce of the 
DAISY program is tested using data from Anta rctica a nd 
then the model is used to demonstrate the response of 10 m 
temperatures to clim ate change. 

The surface snow cm'e r in Anta rctica forms a layer of order 
10- 100 m deep over most of the continent. The density of the 
snow increases with depth to a value of about 800 kg m- 3 at 
which point the air is contained in isolated pores. Thi s pore 
cut-off density m arks the transiti on to ice which can be up to 

4000 m thick. It may at first sig ht appea r that the relatively 
th in surface layer ca n be of no ver y great interest to Antarc­
tic scientists. However, processes in polar snow have become 
important in several key areas o f research: 
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(i) M ass, energy and momentum transfers a t the air­
snow interface a rc required as lower bounda r y cond i­
tions by a tmospher ic modell ers working a t a ll sca les. 
Micrometeorological bounda ry-laye r studies, i nvestiga­
ti ons of ka tabatic winds, regional and globa l climate 
models a ll need to consider processes at least in the top 
few metres of the snow to derive accurate boundary con­
ditions. 

(ii ) Over much of Anta rct ica the only da ta coll ected 
on the g round have been density profil es of the to p 10 m 
or so of the snow and the snow temperature at or near 
10 m. These da ta have bee n used to construc t climate 
maps of Antarctica but the derivation of surface a i r tem­
perature from measurem en ts of snow tempera ture de­
pends on a correct unders tanding of hea t fl ow in the 
snow cover. 

(iii ) Ice-core data have been used very successfull y to 
reco nstruc t a tm ospheri c conditi ons in the pas t. Th e 
transfer functions relating to atmospheric a nd ice-core 
parameters a re inOuenced by processes in th e deposited 
snow as it is graduall y transformed to ice. 

(iv) R emotely ensed pass ive microwave d a ta can be 
used to determine sUl"face temperature and acc umula­
tion prov ided that the de nsit y and grain-size for the 
first metres of snow are known. 

2. DATA FROM HALLEY BAY STATION 

The Royal Socie ty'S expedition to H a lley Bay, Anta rctica, 
was undertaken as part of the United Kingdom'S contribu­
tio n to the Interna tional Geophysical Year (IGY). T he mea­
surem ent made a t H a lley Bay from 1956 to 1958 form an 
excellent data set fo r testing the capacity of snow models 
such as DAISY to simulate heat and m ass transfer in pola r 
conditions. They a re a ll the more valuable because over the 
las t 30 yea rs a surface and upper-air observing programme 
has been mainta ined at H all ey by th e Falkl and Isla nds 
D ep endencies Survey (FIDS), later to become the British 
Antarctic Survey (BAS ). This means that the meteo rologi­
cal conditions observed during the IGY can be analysed in 
the context of present-day understand i ng of the cl i m atology 
of the a rea. Furtherm ore, comprehe nsive microm eteoro­
logical ex periments in 1986 (King, 1990) and 1991 (King 
and Anderson, 1994) a llow independent es tim ati on of two 
key model pa ra m eters, aerodynamic roughness leng th for 
turbu lent transfer a nd albedo, and va lidation of the model 
using an independent data set. 

Synoptic m et e orological data 

H a lley Bay sta tion was established on the Brunt Ice Shelf at 
75 °31' S, 26°37' \ 1\1 a bout 2 km from the ice front. Sta ndard 
synoptic meteorological observati ons a t 3 h interva ls began 
on 8 J anuary 1957 a nd were continued until 31 D ecember 
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1958. The data are reco rded in volume IV of the Royal 
Society Intern a tional Geophysica l Year Expedition Re­
ports (table 237, p. 166) (MacDowall and others, 1964). The 
measurements used in the DAISY model are air tempera­
ture, humidity and wind speed. 

From 1956 to 15 March 1957, air temperature and humid­
ity were measured in a Stevenson sc reen located 45 m from 
the main hut on a bearing of 020 ° (Fig. I, point A ). Th e 
screen was then moved to a site 55 m from the main hut on 
a bear ing o[ 080° (point B), and 9 m north of the anem­
ometer tower (point C). From I February 1957 to 20 Janu­
ary 1958, the Assman psychrometer used as the standard 
instrument [or air temperature and humidity was mounted 
in the Stevenson sc reen at the standard height of 1.5 m above 
the surface. It was then moved to the base of the anem­
ometer tower and maintained a t 1.4 m above the snow sur­
face. MacDowall and others (1964) pointed out that at a ir 
temperatures of lower than about - 15°C the ice-bulb tem­

pe ra ture (wh ich can on ly be measured to a preci sion of 
about ± 0.2°C ) was not an accurate measure of relative 
humidity. However, we are concerned with the absolute 
magnitud e of wate r-vapour and latent-heat tran sfe rs 
between air and snow. vVhen temperatures are very low, the 
amount of water vapour in the air is negligible, whatever the 
relative humidity, so the psychrometer errors do not have a 
significant effect on the simulation of the mass and energy 
balance at the snow surface. Th e model results discussed 
later (in section 4) show, for example, that in the winter fluc­
tuations in air temperature from - 20° to - 50°C are asso­
ciated with less than I W m - 2 change in the latent-heat flux; 
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Fig. 1. Sites of measurements made at Halley Bay during the 
ICY. A and B, sites of Stevenson screen; C, anemometer mast; 
J and 2, accumulation stakes read monthOI; a-1, accumulation 
stakes read daily. 

in the summer, air-temperature flu ctuations from 0° to -
lO oC are associated with latent-heat flux changes of the 
order of 20 W m -2. 

Continuous records of wind speed began on 6 March 
1957 when a cup anemometer linked to a recording volt­
meter was install ed on the tower (point C in Figure I). The 
values reported at the synoptic hours were 10 min averages 
for a nominal height of 10 m. The observers removed hoar­
frost deposits from the cups when necessa ry, so these obser­
vations are probably reasonably accurate, except perhaps at 
low wind speeds after a storm when snow in the gears might 
hinder rotation. 

Radiation 

Incoming solar radiation was measured using a solarimeter 
mounted on the roof of the main hut (Fig. I) [rom August 
1956. Ne t all-wave radiation was measured from March 
1957 using a ventilated Dux-plate radiometer mounted about 
Im above the snow surface between the hut and anemometer 
tower (C). The data a re recorded in volume III o[ the Royal 
Society International Geophysical Year Expedition Reports 
(MacD owall and Tribble, 1964, p.123-59). MacDowall and 
Tribble discussed the expected crrors in these radiation mea­
surements in some detail. The daily incoming solar radiation 
(used in DAISY) is estimated to be accurate to 4% + (2 x 
105

)] m - 2 and the daily net radiation to 15 % + (4 x 
105

) J m - 2, although thi s la tter figure may be a littl e pes si mis­
tic. 

Snow density 

Snow density was measured by taking samples of known 
volume from the side walls of pits. Figure 2 shows profiles 
measured in May 1957 a nd December 1958. The May 1957 
profile begins at the 1955- 56 summer surface (i.e. around 
J anuary 1956); densiti es from the top layer cover ing the 
periodJanuary 1956- May 1957 were not recorded. Summer 
layers produced by m elting can be distinguished and have 
been used by MacDowall (1964) to identify the annual 
layers. H e considered, for example, that 120 cm of snow lies 
between theJanuary 1957 andJ anuary 1958 summer layers. 
The e rror in the den sity measurements is o[ the order of 
±50kgm 3 

Snow telTIperatures 

Temperatures in the snow were measured using thermocou­
ples. On I May 1957 seven thermocouples were placed at 
depths of 0.16, 0.34,0.60, 1.21 , 3.05, 6.10 and 12.19 m. Mac­
Dowall (personal co mmunica tion , 1994) has confirm ed 
that cables ran directly from the Main Hut (Fig. 1) to the 
thermocouples which were free to move downwards at the 
same rate as the surrounding snow. 

MacDowall (1964) interpolated and smoothed th e 
temperature records produced by the seven thermocouples 
to produce temperature curves for three fixed depths below 
the surface of the snow. In order to do this, he tacitly as ­
sumed that the thermocouples all moved downwards as the 
snow compacted in exactl y the same way as the stake used 
for the level measurements. However, if there was any dif­
ferential movement between the thermocouples and the 
stake, the curves shown in his figure 13 are not valid. The 
most likely scenario i s that each th e rmocoupl e moved 
downward s at the compaction rate of the layer of snow 
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Fig. 2. Snow -demit} profiles ( after MacDowall, 1964). 

where it was inserted, whereas the mea uring sta ke moved 
downwards a t the (slower) compaction rate a t its base_ 

Accumulat ion 

During the period 15 June 1956-31 December 1958, accumu­
la tion meas urements we re m a de at three separate sites 
(Fig. I); m easurements we re m ade at irregula r intervals at 
site 1, month ly at site 2 and a t daily in te rvals a t sites a- f. 
First runs with DAISY were m ade using the d a ta from site 
2, where the acc umulation over the yea r from M ay 1957 was 
100.5 cm of snow. This is comparable with the 120 cm 
betweenJa nu ary 1957 andJa nua ry 1958 estima ted from the 
snow pit. 
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New s n ow dens ity 

The density o[new (i.e. dry, falling ) snow was not m easured 
directly in the IGY experiment but a n estimate o f nearly­
n ew snow density (after initial se ttling) may be m a de by 
examining the densities measured a t the accumulation site 
when the mean height change in a day is recorded as more 
th a n I cm. The m ea n of 32 va lu es over the p e ri o d is 
(320 ± 70) kg m 3 with the minimum value being 200 kg m 3 

3. DAISY 

DAISY has been desc ribed in de ta il in Bader and Weilen­
m a nn (1992), where the comple te se t of equations defining 
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the model was given. One of these is the heat-flow equation, 
which governs variations in temperature, T, and freezing 
rate, m 12, with time, t, a nd height above the ground, z: 

8T 8 ( 8T) 12 
pCeff 8t = 8z Aeff 8z + Rs + R w + m L 12 

_ (p(l)Cp (I )V(I ) + p (2)C p (2)v (2)) ~: . (1) 

H ere, superscripts (1) a nd (2) refer to ice and water respec­
tively, p (w) is the pa rti a l density, v (w) is the velocity and 
Cp (w)is the specifi c heat of component w. The total density is 

p = p (l ) + p(2) + p (3) 

where p (3) is the density of dry air and the effective heating 
capacity is similarly defined as 

C ef[ = ~ (p(I )C p (l ) + p(2)C p (2) + p (3)C p (3)) . 

L 12 is the latent heat of freez ing. The water content is as ­
sumed to be zero ifT < ODe. 

The heat-flow equation includes a n effective thermal 
conductivity, Aeff which depends on the density of the snow. 
M ellor (1977) gave the variation of exp erimentally deter­
mined values of effective conductivity with the de nsity 
shown in Figure 3 (sh aded area ). Morris (1983) has pro­
posed the expression 

Acl-r = (0.0209 J m - I S- 1 K - 1) 

+ (0.000795 J kg- 1 m2 S- 1 K- 1 ) (p(l )) 

+ (2 .511 x 10- 12 Jkg- -+ m ll S - l K - l )(p(1))-l (2) 

shown in Figure 3 as the dashed line. Although this expres­
sion gives the broad pattern of the increase in effective ther­
mal conducti vity with density, it is clear that the uncertainty 
is la rge. The DAISY model allows Ad ! to be adjusted by mul­
tipl y ing by a factor K 1. Curves for K l = 0.5 a ncl 2.0 are shown 
by the solid lines in Figure 3. MacDowall (1964) calculated 
thermal diffusivity from the temperature curves shown in his 

7 ,) 1 
figure 13 and found values of 6 x 10 m - s at the surface to 

12 x 10 7 m2 s 1 from 3 to 6 m down. Equation (2) gives va lues 
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Fig. 3. T he effective thermal conductivity ofsnow ( aJter Mel-
101; 1977). 

of 5.5 x 10- 7 m 2 s 1 for p = 500 kg m 3 and 4.4 x 10-7 m2 s 1 

for p = 300 kg m - 3, so MacDowall's field d ata sugges t Kl 
should be b etween I and 2. H owever, we h ave a lready sug­
gested (in section 2) that M acDowa ll 's temperature curves 
are based on a false assumption, so his calcula tions of diffusiv­
ity should be treated with caution. Anderson (1994) has calcu­
lated a thermal diffusivity of 5 x 10 7 m 2 s 1 [or the upper 
1.5 m of the snow cover at Balley between :Ma rch and Sep­
tember 1991. 

Equation (I) also includes a source term, R s, which arises 
from the absorption of solar radiation within the snow cove r. 
R, is calculated using an extinction coefficient (3 which is ex­
pected La var y within the range 20- ]60 m I. (3 increases with 
density a nd d ec reases with increasing g ra in-size (MelIor, 
1977). 

The source term Rw in Equation (1) is included to ac­
count fo r e ne rgy produced by wind-pumping (Colbeck, 
1989) and d epends on the wavelength and height of sastru­
gi. It is se t to zero for this modelling exercise. 

The program calculates the change in density of each 
layer with ti me using the densification equ ation suggested 
by Bade r (1960, 1962) 

1 clp 0" 
-E = --=-

p dt 17 
(3) 

where E is the st rain rate, (J" is the ove rburde n pressure and 1] 
is the compactive viscosity. This is, of course, a highl y sim­
plified representation of the complcx viscoclastic behaviour 
of snow but Equation (3) is an appropriate first formul at ion 
given the o ther simplifications in the model. It is assumed 
that the com pactive viscosity of a layer varies with its den­
sity a nd a bsolute temperature acco rding to the expression 

1] = Ho exp ( C p + R~* ) (4) 

where Ho, C a nd E (the activation energy) are constants. R 
is the gas co nstant (8.314J moll K I). Fig ure 4 shows the 
range of va lues of1] obtained in fi eld experiments on natur­
al snow packs (Melior, 1975). In general, the data are consis­
tent w ith Equation (4 ). NIellor remarked that the 
di screpa ncy between values for polar snow fi elds and seaso­
nal snow ficld s seems to be too great to be expla ined by tem­
perat ure diffe rence a lone a nd suggested that the seasonal 
snow va l ues renect bas ic shortcomings in the concept that 
densification occurs by slow viscous creep. In his view, den­
sificati o n occurs more by a quasiplas tic coll apse over a lim­
ited time a ft e r each sig nifica nt increase in st ress. Thus, 
appa rent values of 17 are p artly dependent on the interval 
between snowfall s. If large discrete snowfa lls occur at fre­
quent interva ls on a seasona l snowpack, the apparent value 
of 17 will b e lower than exp ec ted. However, there is a lso a 
difficu lty in definin g the temperature at which the densifi­
cati on process is taking place in these fi eld exp eriments. 
The new, low-densit y snow a t the surface of the snowpack 
is subj ect to a nuctuating temperature on thc diurnal time­
sca le. The effec ti\"e temperature for the de nsificati on pro­
cess, i. e. the temperature to be used in Equation (4), will be 
higher than the average temperature over p er iods longer 
than a day a nd certai nly high er than the mean a nnual aver­
age temperature which at most pola r s iles is a ll th a t is 
known. 

Bader a nd Weilenmann (1992) se t the parameters in 
Equation (4) La the va lu es Ho =0.18 x 10 5 kg 111 1 S I, 

C = 0.02 m 3 kg 1 and El R = 8110 K, which g ives the varia-
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Fig. 4. The comj)active viscosifJ' oJsnow as afunction of den­
siry ( after MeUm; 1975). The shaded areas show experimen­
ta l data from : (A) Greenland and Antarctica, - 20° to 
- 500 e ( Bade?; 1953); ( B ) Seasonal snow, J apan, 0° to 
- 100 e ( Kojima, 1967); ( C) Alps and Rocky M ountains 
( Keeler, 1969); ( D ) Uniaxial strain-creej) tests, -~ to 
- Boe ( Keeler, 1969); ( E ) Uniaxial strain-creep tests, - 23° 
and - 4Boe ( Mellor and H endrickson, 1965). The curves 
show the predicted variation using Equation (4) with para­
meter values given by B ader and Weilenmann (1992) fo r 
(a) T =O°e, (b) T = -20°e, (e) T =-50°e, and by 
Kojima (1964) for (d) T = O°e, (e) T = - 20°C, (1) 
T = -50°e. 

ti on of'T/ with p at temperatures T = 0°, -20° and -50 0 e 
shown in Figure 4 (solid lines). The fit is good for the seaso­
n"l snow data set B but th e predicted values of'T/ are some­
wha t too low for the pola r d a ta se t A. K ojima (1964) has 
studi ed the densification of snow in Anta rctica in consider­
able d eta il and sugges ts a n activation energy E = 12 kcal 
m ol- I =50.2 kjmol - I for C= 0.024 m 3 k g- 1 and Ho = 
5.38 X 10- 3 kg m - I s - \ hence E / R = 6042 K. These values 
give curves (dashed lines) which are a better fit for the pola r 
data se t A but the predicted values of'T/ are too high for the 
seas on a l sno wpac k. In thi s appli ca tion of DAISY, the 
Kojima parameter values a re used in Equa tion (4) and 'T/ is 
furth er adjusted by multiplying by a factor K 2. 

M ass transfer by ph ase change and the transport of 
water vapour within the snowpack are not dealt with expli­
citly within the model. The use of an effective thermal con­
ductivity a nd empirical d ensification equ a tion will a llow 
these processes to be accounted for to a ce rta in extent but it 
must be accepted that DAISY, in its current form, cannot 
simulate some phenomena linked to vapour transport, such 
as the formation of internal layers ofhoar frost. 

Boundary conditions 

The upper boundary conditi on consists of a n equation for 
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the energy nux, £ z, across the a ir- snow surface. This is cal­
culated as the sum of net longwave radiation, sensible-heat 
transfer, latent-heat transfer a nd heat convected by prccipi­
tat ion. vVher e net all-wave radia tion, Rn, a nd incoming 
solar radia tion, 5 1, are ava ilable, as at Ha lley Bay, the net 
longwave radia ti on is calcula ted as 

Ln = Rn - (1 - 0:)51 

where 0: is the a lbedo of the snow surface and may be ex­
pected to var y from 0.75 for old pola r snow in summer to 
0.95 for fresh dry snow (M ellor, 1977). Gardiner and Shank­
lin (1989) gave mean hourly values over the period 1963-82 
at Halley ranging from 0.79 to 0.84. 

The equ a tions for turbule nt transfer of sensible and 
la tent heat u sed in DAISY are fun ct ions of th e ae ro­
dynamic roughness length Zo a nd the roughness lengths for 
heat- and water-vapour flu x ZT, Zq . King (1990) has calcu­
lated Zo fron1. measurements m ade at 5 m above the snow 
surface at H a lley in near-neutra l conditions. His value of 
Zo = (1.1 ± 0.1) x 10-4 m is consistent with other measure­
ments over fl a t snow surfaces (Morris, 1989). In a later experi­
ment (STABLE Il ) at H a ll ey, King and Anderson (1994) 
found a va lue of Zo = 5.6 x 10 5 m with a ra nge of uncer­
tainty from 5.0 x 10-5 m to 6.1 x 10-5 m and a value of ZT = 
5.0 x 10 2 m wi th bounds of 1.9 x 10-2 m and 1.3 x 10 1 m. 
There were insufficient data to determine Zq but the measure­
ments were no t incompatible with the generally accepted hy­
pothesis that ZT ;::::; Zq. 

The turbulent-transfer coefficients are adjusted for the 
stability of the boundary layer of the atmosphere by multi­
plying by a factor 

1 

K 3 = (1 - 15Ri)1 Ri < 0 

= (1 - 5Ri) 0 :::; Ri :::; 0.032 

where Ri is the Richardson number calculated a t the stan­
dard height of 1.5 m, at which a ir temperature a nd humidity 
a re measured. The stability correction facto r is limited to 
th e range 0.84:::; K3 :::; 100 fo ll owing Brun a nd others 
(1989), who proposed an empirical linea r equ a tion for K3 
as a function of wind sp eed . The minimum value of K 3 
varies from site to site but a typical value is 0.8 (Bader and 
Weilenmann, 1992). There is clearly scope for investigating 
alternative expressions for the stability corrections and this 
will be pursued in a fur ther p aper. Since the wind speed is 
measured a t 10 m the value a t 1.5 m needed to calcul ate Ri is 
estimated b y assuming that the wind-speed profile is log­
arithmic. In non-neutra l conditions, this introduces some 
error. The m odel could ce rta inly be improved by iteration 
to correct the estimate of wind speed given an estimate of 
Ri . 

It is assumed that the temperature of the precipitation 
(in this case always snow) is the same as the a ir tempera­
ture. The initial density of a new snow layer is set to a fixed 
value which is expected to lie in the range 300- 400 kg m - 3 

4. SIMULATION OF IGY DATA 

Initial conditions 

The calibration period was chosen to be I year sta rting from 
1 May 1957. The initial density profil e was calculated on the 
basis of the d a ta from the two snow pits dug in M ay 1957 and 
December 1958. In December 1958, the thickness of the layer 
of snow which fell betweenJa nuary 1956 and M ay 1957 was 
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measured as 120 cm. We assume therefore that in May 1957 
the unrecorded upper part of the pit was 120 cm thick. The 
density profil e in thi s surface layer can be reconstructed 
using the data from the top 120 cm of the D ecember 1958 
pit as a g uide. In the top 50 cm, we assume th at the IVlay 
\'alues will be 30 kg m 3 less than the December values to 
take accou nt of compac tion. Table I shows th e measured 
and estima ted densities a t 20 cm interva ls. 

The nex t step is to define the layers which m ay be consid­
ered to have the same density. The max imum number of 
layers (including those added by accumula tion during the 
year) is a round 35 for a PC with 4 rVlbyte storage so that the 
initial number of layers was chosen to be 18. M ore detail is 
required in the upper pa rt of the snowpack where tempera­
ture va ri at ions are la rge r. Table 1 shows the layers chose n 
and the average density for each layer. The spread of densi­
ti es in one layer is not allowed to be more than 80 kg m 3 

(the measurement erro r in one density measurement is ± 50 
kg m \ The number of g rid points in each layer must be at 
least 2 and is chosen to produce a spacing which vari es from 
2 to 40 cm, accordino' to the density and temperature gracli­
ents expected in the layer. 

It sho uld be noted th a t, in ce so m e d a ta fr om th e 
December 1958 snow pit have been used as a g uide to recon­
struction o f the initia l conditi ons, the meas ured density 
profil e ca nnot be regarded as a completely independent cri­
teri on for va lidating the simul ati on of density when DAISY 
is run on to December 1958. H owever, the measured density 
profile in the top layer of snow which fell aft er I May 1957 
can of course be used to check the simul ated densities, since 
these will be independent of initial conditions. 

The initi a l tempera ture profil e was d e ri\'ed from th e 
profile m easured at 1800 h on I May 1957 aft er the newl y 

Ta ble 1. Initial structure if tlte snow cover 

DelJllt De/"i~) ' 

e lll gcm 

20 0.32 
4-0 0.36 
60 0.4-0 
80 0.·~2 

100 0.4-5 
120 0.-17 
HO 0.4-9 
160 0.48 
180 0.4-7 
200 0.53 
220 0.47 
240 0.4-3 
260 0.51 
280 0.50 
300 o .. n 
320 0.50 
34-0 0.47 
360 0.49 

380 0.4-8 
400 0.51 
4-20 0.55 
440 0.51 

"·60 0.52 
480 0.49 
500 0.+3 

La)'" 

18 
17 
16 
15 
1+ 

13 

12 
11 

10 

9 
8 

Del/sil)' 

gCIll 

0.32 
0.36 
OAO 
0.42 
0 .. ,5 

0.+8 

0.53 
0.4-5 

0.50 

0.43 
0.51 

0.4-3 

,'\ 0. qfgrid IJoillls 

9 
2 
3 
3 
2 
6 

2 
3 

3 

2 
2 

3 

install ed thermoco uples had had time to adju t to the temp­
e ra ture of the snow. Th e meas ured tempera tures were 
adjusted so tha t they conformed with the constant-temper­
ature lower-boundary condition, T = - 18.4°C at 12 m depth. 

Input data 

Early runs with DAISY were m ade using the acc umul ation 
rates measured a t the stake fa rm. It soon became clear that 
these data wer e not applicable to the thermocouple site and 
indeed M acDowa ll (1964) rem a rked tha t at the th ermo­
couple site "the rate of accumula tion was greater than that 
normal O\'er the level ice-shel f owing to local d ri ft effects". It 
therefore was necessary to try to reconstruct the acc umul a­
tion record at the thermocouple site using the m eas ure­
ments of the level of the snow surface made at tha t site plus 
a n estimate of the average surface-settling ra te. The snow 
surface was m easured rela tive to a reference mark on a 
D exion mas t, which may itse lf have been sinking into the 
snow. The choice of input-acc umul a tion curve fo r a give n 
se t of paramete rs used in DAISY is made so that the simu­
lated snow-surface level agrees as closely as possible with the 
level measured with respec t to the D ex ion mast. 

Results 

Fig ure 5 shows results from DAISY run HY with a lbedo 
a = 0.9, ex tincti on depth (3 = 20 m - \ aerodyna mic rough­
ness leng th Zo = 10 4 m, roug hn ess-l eng th ra ti o ZT / Zo = 
Zq/ Zo = I , new-snow density 4·00 kg m- 3

, compactive visc­
osity give n by K ojima's pa ra m eters in Equa ti on (4) for rJ 
a nd effec tive th e rmal conductivity g iven by Equ a ti on (2) 
for Ao[l' multiplied by 1.8. The initia l snow-density profil e 
for thi s calibra tion run was ta ken to be that given in Table I, 
except that, since the density of a new layer is ta ken to be 

Deplh Density Lo),er Dellsi~J' . \ 0. qfgrid poillls 

cm gClll gCIll 

520 0.4-8 6 0.4-7 2 
54-0 0.4-7 
560 0.50 5 0.51 2 
580 0.52 
600 0.57 
620 0.45 -I 0.57 2 
640 0.53 3 0.4-5 3 
660 0 .. )3 2 0.53 2 
680 0.53 
700 0.50 
720 0.53 
740 0.55 0.56 11 
760 0.60 
780 0.56 
800 0.54-
820 0.56 
84-0 0.4-6 
860 0.56 
880 0.55 
900 0.47 
920 0.56 
940 0.5+ 
960 0.56 
980 0.54 

1000 0.56 
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Fig. 5. Simulations produced by DAISY run HY with jJara­
meters as shown in Table 3_ (a) Temperatures atfixed delJths 
below the snow swface; (b) Temperatures at fixed layers. 
The measured temlJeratllresjrom thennOCOlllJles in the layers 
are aLso shown; (c) Height rif the snow surface and internaL 
layers above the datum; (d) Density changes in the top metre 
rif / he snowpack. 
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400 kg m 3, the initial densiti es of laye rs 17 and 18 were in­
creased to 400 kg m 3 to be compatible with thi s assumption. 

Fig ure 5a shows the simul ated tempera tures at fixed 
depths of - 1.5,3.0,4.5 a nd 6.0 m below the surface. Compar­
ison with the temperature curves shown in MacDowall 's 
fi g ure 13 (M acDowa ll, 1964) shows that th e two se ts of 
curves a r e similar for th e fir st part of the yea r. After 
November, MacDowall's temperatures a re lower than the 
DAISY temp era tures . We believe thi s is because ~1ac ­

Dowall's calculati ons were based on the e rroneous ass ump­
tion tha t the thermocoupl es were no t moving downwards 
with respec t to the mea suring stake. Fig ure 5b shows the 
tempera tures for fixed laye rs compa red to the measured 
tempera tures for the thermocouples insta ll ed in each layer. 
The fit is good except for a period in Aug ust a nd September 
when the top three thermocouples (2,3 a nd 4) recorded la r­
ger temperature vari a tions than predicted . We beli eve that, 
for most of the year, the thermocoupl es moved with the 
snow layers. The fact that 2, 3 and4 seem to be closer to the 
surface tha n predi cted in early spring m ay indicate tha t 
these the rmocouples were res tri cted by their cables for a 
while or that the compacLion rate over the winter-accumu­
lation period has been overestimated. 

Fig ure 5c shows the height of the snow surface measured 
at the Dexion mast and simulated by DAISY. The position 
of the measured points depends on the ass umption that the 
Dexion mas t was fixed with respec t to th e laye r at 12 m 
depth. The initia l positions of the the rmocouples are a lso 
shown. Since th e m eas ured height h ave bee n use d to 
derive acc umulati on as an input to DAISY, the two surface 
curve. a re not independent where their g radient is positive. 
In summer, however, during peri ods without snowfall, th e 
curves a re independent a nd the close fi t between measured 
and simul a ted surfaces sugges ts tha t surface se ttling and 
compac tion a re co rrectly simulated. The fig ure a lso shows 
the evo l ution of layers in the snow cove r. The assumption 
th a t th e laye r a t 12 m d epth can be rega rded as a fixed 
height da tum is clea rly reasonable but it is a lso clear tha t, if 
the D exion mast had onl y been inse rted 2 m into the snow 
at the beginning of the p eriod, it would have moved abo ut 
1111 downwards after 1 yea r. Unfortuna tely, the dimensions 
and m ethod of erection of the mast have no t been recorded. 

By the end o f the year, the inc rease in surface height above 
the datum a t 12 m depth is 140 cm . (Thus, if the ice shelf is in 
equilibrium, the ice velocity a t the datum level should have 
a downward component of about I m yea r 1, so the height of 
the ice-shelf surface relative to sea level is ma inta ined.) This 
is compatible with the local accumul ation ra te of about 
I m yea r 1. However, by May 1958, there is in fa ct a 3 m 
layer of snow above the initi a l snow surface of M ay 1957. It 
could be tha t this high acc umulation rate is genuine (the 
site was susceptible to drifting ) but it is a lso poss ible that 
th e Dex io n m as t was m ov ing d ow nwa rd s. Thi s would 
mean tha t the accumulation h as been overestim ated. 

The densi ty profil e in the to p 3 m layer is independent of 
the initi a l conditions input to DAISY and can be used as 
another check on the compaction rate. The density changes 
at fi xed depths below the snow surface a re shown in Figure 
5d. After a ncw snowfall , a p o i n t at a given depth below the 
surface li es in a new laye r, so th e density falls abruptly. Then, 
as the laye r compac ts, the d e nsity gradua ll y ri ses. In the 
period fromJul y to September there is a large amount of 
snowfa ll , so th e densit y o f th e upper I m is m os tly co n­
troll ed by the choice of the new-snow density. Later in the 
yea r, the cho ice of compactio n ra te has more influence. By 
the end of 1957, the new snow has developed a density profil e 
ve ry simil a r to that observed in the top I m of the December 
1958 snow pit, good evidence tha t the compaction rate used 
in run HY is co rrect. However, DAISY does not reproduce 
the ice laye rs which are shown in Figure 2 because in the 
current ve rsio n of the mod el m eltwater is no t a llowed to 

move downwa rds through th e snow and then refreeze. Ice 
laye rs a re no t included in the initi al density profile and do 
not form in the new snow. 

Table 2 shows the compo nents of the energy balance at 
the upper bo undary averaged over each month calculated 
by DAISY run HY. Energy nu x from the a ir to the snow is 
positive. The fi gures in brac ke ts a re seasona l means mea­
sured in 1991 (King and othe rs, in press ), or in the case of 
net radi ati o n, the 1963- 82 m ean (Gardiner a nd Shanklin, 
1989), measured at the same site a nd quoted fo r compari son. 

In genera l, the values fo r net radiation a nd sensible-heat 
nu x a re compa rable. However, in 1957, the m onthly mean 
latent heat nu x was always negative (heat was lost from the 

lilble 2. iIlean monthly comjJonenls rf the energy balance at the up/Hr bOllndar), 

,1101l1h J l rall 'fllsible hNII ,I [eall collvecled heal .l/ealllall'lIl heal ,IJeallllel radial ion ,IJeall Ez 
.flu" flu I fllll 

\\' m 2 \\'m 2 \ \ ' 111 2 \V 111 2 \\. 111 2 

;\I ay 9..1· \8.43) 0.1 3.7 (0.77) 8.7 17.60 2.9 

J une 23.·[ (l 1.6..f) 0.2 1.5 (0.79 25 . ..f 21.55) 3.1 

.J u ly 20.2 (11.64) 0.1 2.2 (0.79) 23.B ( 2150) 5.7 

August 11.0 (1 1M 0.1 0.6 (0.79) 15.B ( 21..15) 5.3 

Scptcmber 12.0 0.2 1.0 12.B ( 7.B9 1.6 

October U 0.0 2.8 7.6 ( 7.B9) 9.0 

No\'cmbcr 4.7 0.0 9.2 3.4 ( 7.R91 17.3 

December 3.7 0.0 1 k2 6.6 (9.08) 2+.5 

J a nua ry 11.9 - 0.1 16.+ 5.6 (9.08) 22.B 

Februn ry 2.1 0.0 9. 1 6.0 (9.08) 17.2 

i\[ a rch 7.3 (B.-13) 0.0 1. 1 (0.77) 15.0 17.60) - 11.8 

A pri l 7.7 (fH3) 0.1 1.3 (0.77 IIA- 17.601 7.9 
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snow because of sublima tion and evaporation ), whereas in 
winter 1991 there was a small latent heat gain from conden­
sation. Note that for 3 months in the summer DAISY calcu­
lates the latent-heat flu x to be the largest component of the 
energy balance at the upper boundary. The mean annu a l 
energy flux at the upper boundary over the year is - 10.7 
W m 2, which counteracts the mean rate of absorption of 
sola r rad iation in the snow, which is 10.5 W m 2 

5. SENSITIVITY ANALYSIS 

The main advantage of a phys ics-based model is that it is 
po sible to set limi ts on the ex pected ra nge of the pa ra­
me ters a nd distinguish the individual effec ts of each one. 
Figure 6 shows the envelope of tempe ratures at a fix ed 
depth of I.S m below the surface produced by varying one 
pa rameter at a time about the va lues used in the calibra­
tion run, that is, by the runs shown in Table 3. 

·5 

·10 

-15 

-20 

·25 

-30 

Figure 6 shows tha t the temperatures a t I.S m given by 

T/OC 

Fig. 6. Sensitiviry of temperature at 1.5 m below the sUlface to 
changes in iffectl:ve thermal conductivity, extinction coiffi­
cient, albedo, aerodynamic roughness length, new snow den ­
sity and compactive viscosity. 

runs HP, HZ, HF, HE a nd HC a re never more than 1°C 

from the temperature given by the calibration run HY. The 

uncerta inty is about 10 % of the amplitude of the annu a l 

wave. This value is, in fact, somewhat less than the uncer­

tainty expected, because of error in input d ata (especially 

ne t ra diation , which is on ly mea ured to IS % accu racy ). 

Thus DAISY's performa nce in simulating temperature is 

not limited by uncertainty in parameter values. 
D ecreasing the effective thermal conductivity decreases 

Table 3. Parameter values used in the sensitivity analysis 

RU1Znumber Hr HP 

Effective thermal conducti vity/ Acrr 1.8 1.8 

Compactive viscos ity/'7 1.0 1.0 

Extinction depth/m I 20 20 

Albedo 0.9 0.9 

Rough ness length ratio 

New snow densit y/kg 111 ~3 400 300 

188 

the amplitude of the tempe ra ture wave a t all depths and 
increases the lag time. For this reason, run HZ shows most 
dev iation from HY, since the temperature c urve is de­
creased in both amplitude and offset. Since net radiation is 
measured , the choice of a lbed o and extinction coeITi cient 
do es not affect the mag nitud e of the radiation input , 
merely where it is absorbed. The reduction of a lbedo to 0.8 
in run HA means that more of the net radiation is taken to 
be shortwave and hence the temperature at I.S m is greater 
in the austral summer by about 1°C. Increasing the ex tinc­
tion depth for shortwave radiation (run HE) a lso increases 
the temperature in the austra l summer by about O.S oC . 

Because the sensible-heat flu x is quite small, the temp­
erature of the snow surface is close to the ai r temperature 
for most of the year and thus the simulations are not very 
sensitive to variations in roughness-length ratio. Increasing 
the ratio to SOO (run HC) produces a maximum reduction 
in temperature at I.S m of about 1°C inJanuary when the 
snow-surface temperature is warm because of the positive 
net radiation (see Table 2) but the air temperature is about 
2.5°C lower and the boundary layer becomes unstable. De­
creas ing the new-snow density (run HP) lead s to warmer 
tempera tures at I.S m inJul y and August, again by about 
1°C. This is because the thermal conductivity of the over­
lying snow is lower and the winter cold wave is attenuated. 
In the summer, there is less snowfall so th e effect of th e 
choice of new-snow density is less sign ificant. D ec reasing 
the compactive viscosity by a factor of 10 (run HF) has neg­
ligible effect on the temperature at 1.5 m. This is because, in 
order to maintain the correcl snow surface height the surface 
settling rate used in run HY (7.8 x 10-8 m S- 1 ) is reduced to 
1.3 x 10- 8 m S-1 in run HE Thus, the density changes in the 
top I.S m of snow are relatively small and the thermal con­
ductivity remains much the same. Because reliable indepen­
dent measurements of accumu lation are not available from 
the thermocouple site, it is difficult to optimize the compac­
tive viscosity parameter. H owever, it is possible to say that J( 2 

cannot be less than about 0.1, since a negative surface-settling 
rate wou ld then be req uired to mainta in the correct snow­
surface height. 

Comparison of final d ensity profiles for runs HY, HP 
and HF shows that reducing either the new-snow density or 
the compac tive viscosity reduces the predicted den ity in 
the upper 3 m of snow, though not by more than SO kg m 3, 

which is the minimum expected error in the measured initi­
a l densiti es. Run HF gives a good fit to the profile below 
2 m, whereas the calibrat ion run HY gives densities which 
are sli g htly too high, t h ough again not by more tha n 
SO kg m 3. Thus, DAISY's p erformance in simulating den­
sity is not limited by uncerta i nty in parameter values. 

1-/,( HF HE HrI He 

1.0 1.8 1.8 1.8 1.8 

1.0 0.1 1.0 1.0 1.0 

20 20 40 20 20 

0.9 0.9 0.9 0.8 0.9 

500 

400 400 +00 +00 400 
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Table 4. Parameter values lIsed in the sensitivity analysis 

R UIl number !-I r 

Nellongwa\'e rad ial ion/ \V III 2 11 .2 

Sensible heat nux into snow/\\' III 2 6.0 

Latent heal nux into snow/W III 2 -.~.6 

Heat conveCled by prec ipi la lion/\\' III 2 0. 1 
Energy ba lance al upper boundary/\ V III 2 - 10.7 

Energy ba lance al lower boundary/\\' III 2 - 0. 1 

Shor! wave rad ialion absorbed in snow/\\' m 2 10.5 

Increase in hea l content ofsnow/\\'Ill 2 0.2 

Table 4 shows the a nnual average components o f the en­
ergy balance a t the upper a nd lower bound ari es a nd for the 
snowpack as a wh ole. Runs HZ and HA were terminated 
because of numerica l instabiliti es a fter 355 d a nd run HY 
a fter 364 d. All o ther runs were fo r the full 365 d. For thi s 
reason, th e calcula ted valucs of a nnua l average ne t long­
wave radi a ti on for runs HY a nd HZ a re slightl y differem 
(0.1 a nd 0.2 W m 2 less negative ) tha n th e va lue o f - 11.3 
'-IV m 2 for th e othe r runs with th e same a lbed o. Fo r a ll 
runs, except H C, the turbul ent tra nsfer of sensible heat into 
the snow is nearly ba lanced by turbulent transfer o f latent 
heat of sublima tion to th e a ir. The shortwave radi a tion ab­
sorbed by the snow is bala nced by longwave radia tio n to the 
a ir. Heat a dded to the snow by prec ipitati on and the heat 
nux ac ross the lower bounda r y a re sma ll. Run H C , with 
ro ugh ness-leng th ra ti o ZT / Zo = 500, produced a la rge de­
c rease in the heat co ntent of the snow cover over the a nnua l 
cycl e beca use of th e increased eva po ra ti on. This is ve r y 
much an ex treme case a nd we suspect that furth er wo rk a t 
H a ll ey, now being underta ken (p e l-sona l communica ti o n 
from J. C. King ), m ay lead to downwa rd revision of his esti­
mate for the roughness-l ength ra ti o at this site. 

6. VALIDATION 

Thi s paper has d esc ribed calibra ti o n of the DAISY model 
using ICY d a ta fro m H all ey Bay. In order to va lid a te the 
m odel, we have used a compl e te ly independen t d a ta se t 
from H all ey collec ted during th e STABLE II experiment 
in 199 1. Thi wo rk is described in d e ta il by M o rri s a nd 
others (1994); here, it is onl y necessar y to rema rk tha t by 
using the "effec tive" va lues of the DAISY pa ra me ter s, i. e. 
those used in the ca libration run HY, good simul a tio ns of 
the STABLE II d ata were obtained, except during short p er­
io ds of ve ry hig h sta bilit y in the a tmospheric b o und a r y 
layer. Thus wc a re encouraged to believe tha t DAISY can 
be used for predic tio n with pa ra me ters determined a priori 
ra ther than by optim ization. 

7. DAISY IN USE: AN EXAMPLE 

To demonstrate the potenti a l of phys ically based snow m od­
els, such as DAISY, we desc ribe here brieny how the m odel 
has been used to es timate the va ri a ti o n of 10 m temperature 
o n the Anta rc ti c Pe ninsul a plateau ove r th e 49 yea rs fo r 
which meteorolog ica l da ta from Fa rad ay sta ti on a re avail­
abl e. During this p eri od, there has been a system a ti c long-

HP 

- 11.3 

4.9 

6.5 

0.1 
- 12.8 

- 0.1 

10.5 

2.2 

H.( !-IF HB H A He 

- 11.1 11.3 - 11 .3 21.8 11.3 

4.8 5.5 5.0 5.0 7.3 

- 5.8 6.0 - 6.0 6. 1 - 16.8 

0.1 0. 1 0. 1 0.1 0.1 
12.0 11.7 12.2 - 22.8 20.7 

0.2 - 0. 1 0. 1 - 0. 1 - 0. 1 

10.7 10.5 10.5 21.5 10.5 

- 1.0 1.1 - 1.6 1.2 - 10.1 

term wa rming of 2°C a t Fa raday (Sta rk, 1994) but a lso hig h 
inte r-a nnual va ri a bility in air tempe ra ture (King, 1994). 
Measurements of 10 m te mperature in boreholes have been 
m a de b y glaciologists since 1960 a nd used as an indicati on of 
th e m ean annual surface temperature. By using DAISY we 
can assess the significance of the sparse historica l data from 
the Anta rcti c Penin sula plateau a nd whe ther, in genera l, 
ID m te mperature m eas urements can b e used to d e tec t 
clima te cha nge in thi s r egion where m e teorological d a ta 
have not been coll ected in the past. 

The upper-bound a r y condition a t a g iven site on the 
pla teau i chosen to be 

where Ta(t) is the m ean monthl y air te mperature at Fa ra­
day m easured a t a fi xed height, nomin a lly 1.5 m, above th e 
sno w s urface a nd To( cp , A, H ) is an o ffse t temper a ture 
de te rmined for each s ite from a lap se-ra te equ ati o n for 
wes te rn Anta rcti c Pe ninsul a sites north of 74° S (M o rri s 
a nd Va ughan, 1994). cp, A a nd H are the la titude, longitude 
a nd a ltitude of the site. We choose a Dirichl et upper-bo und­
a ry conditi on (spec ify ing Ts) rather tha n a Ne umann con­
diti o n (spec ifying (CJT/ CJz)sl, because th e wind sp ee d , 
humidity a nd net ra di a ti o n needed to calcul ate the te m­
p e ra ture gradi e nt a t th e snow surface o n th e pl a tea u 
cannot r easonabl y be estim ated from th e Faraday meas ure­
ments. The source term R,; in Equati on (I) is set to zero. All 
net sol a r radiati on is ass umed to be abso rbed in the surface 
layer of snow rather tha n the top metre o r so. This ass ump­
ti on will have littl e effec t on the tempe ra ture vari a tio n a t 
10 m d epth. 

Fo r the plateau sites, the mean a nnu a l tempera ture is 
a ro und - 20°C so th e surface tempera ture Ts(c/J, A, H , t ) 
will only ra rely reach Doe. It is not necessar y to simul a te 
wa ter m ovement in the snow, a lthough m e lting and refreez­
ing a r e included in the model. Since te mpera ture cha nges 
ove r 49 yea rs will pe n e tra te around seve n times dee p e r 
th a n the a nnua l wave, t he lower bound a ry (at which th e 
tempe r a ture is con sid e r ed to be con stant ) is ta ken a t a 
depth o f 100 m. The initi a l density pro fil e chosen for the 
simula tio n is given by Ta bl e 5 and is based on that of a n ice 
co re from the region. 

Accumul ation meas urements are ver y sp a rse over the 49 
yea r p eri od, so a consta nt average rate o f 4 x 10 8 m (snow ) 
s " i. e. 0.517 m wate r a I, has been used in the simula ti o n. 
The new-snow density was ta ken to be 410 kg m '. Fig ure 7 
shows the sum of the 10 m temperature, T lO, a nd the appro-
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Table 5. initial density prqfile 

Depth 

m 

2.5 
5.0 

10.0 
20.0 
50.0 

100.0 

La.),er 

6 
5 
-I 

3 
2 

Density 

gelll 

0.+3 
O.4H 
0.5+ 
0.60 
0.73 
0.87 

No. q/grid 
poinls 

5 
5 
5 
5 
3 
3 

priate offset temperature as a function of time. The curve 
simul ated by DAISY shows th e annua l cycle (att enuated 
from about ±ll oC to ±0.3 °C ) superimposed on decada l 
variation of about ± 1°C lagged by 1- 2 years with respect to 
the surface air temperature. So, for example, the minima in 
10 m tempera ture in 1960 and 1988 appear in the surface re­
cord of annual mean temperature in 1959 and 1987 (King, 
1994). The points show measured values from four areas on 
the plateau. 10 m temperature was measured at Charity De­
pot (siteJBl) (70.0167° S, 64·.4833° W, 2131 m) in 1974 by Bishop 
(Reynolds, 1981), in 1979 by Paren (Reynolds, 1981) and near­
by, at Charity level line (69.9813 ° S, 64.2308° W, 1990 m), in 
1992 by Morris (Morris and Mulvaney, 1996). These points 
are a ll labell ed "C" in Fig ure 7. In 1992, Nlorris a lso mea­
sUl'ed 10 m temperature at St Pancras (71.7430° S, 63.9963° W, 
1861 m ) (Morris and Mulvaney, 1996) close to the siteJB3 
(71.7000 ° S, 64.0833 ° W, 1886 m ) where Bi shop measured 
10 m temperature in 1975 (Reynolds, 1981). These two points 
are labelled "P". A less well-matched se t of measurements 
a re Morris 's 1992 temperatu re fr0111 Tem nikow Nun ataks 
(70.5673 ° S, 64·.2443° W, 1600 m ) (Morris and Mul vaney, 
1996), Bishop's 1975 temperature fr0111 siteJB2 (70.8333 ° S, 
64.4500° W, 1987 m) (Reynold s, 1981) and Mumford's 1976 
temperature from Bullihole (70.8833° S, 64.9500° W, 1835 m) 
(Reynolds, 1981), all labelled "T ". The earl iest measurements 
available from the region come from the Antarctic Peninsula 
Traverse in 1962 (Shimizu, 1964). The closest modern site to 

Shimizu's three tra\·erse sites APT668 (73.900° S, 69.4333° W, 
121 5 m ), APT700 (73.5333 ° S, 68.6167" W, 1045 m ) and 
APT732 (73.7167° S, 67.2667° W, 1575 m) is Bishop's siteJB5 
(73.700° S, 64.7833° W, 2007 m ) (Reynolds, 1981). These data 
are all labell ed '1" in Figure 7. 

The two well-match ed groups "C" and " P " follow the 
curve reasonably well as do two of the "T " group. However, 
the third "T " point, the 1975 value of (TlO + To) from site 
JB2, is about 0.9°C lower than expected. The 1975 site is 
1040 m higher than the 1992 site. Given the uncertainty in 
the a ltitudina l lapse rate of ± O.0007°C m I (Morris and 
Vaughan, 1994), the estimate of the offset To could be too 
low by 0.7 °c. This is suffi cient to explain why thi s site does 
not fit the curve. The same argument probably appli es to the 
'J" group of points, where there is a marked difference in 
alti tude be tween the APT sites andJB5. The fact that the 
three APT points are scattered is an indication of the uncer­
tainty in all three spatial lapse rates; the measurements were 
made at the same time and, given correc t va lues of To, 
shou ld li e at the same point on Figure 7. Furthermore, we 
must accept that the variation in air temperature at Fara­
day will be an imperfect representation of the variation in 
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(T,,+T, )/' C 

·5 

.10+----,----...,.------,------,------,-----i 
1950 1960 1970 1980 1990 

Fig. 7. Snow temperatllre at 10 In depth on the Antarctic Pe­
ninsula Jllateau predicted by DA ISY for the /miod 1 Niarch 
1944- / MaTCh 1993 with measurements from sites near 
Charity Depot (C j, Eis/lOp site ]B5 (]), Temnikow ( T ) 
and St PancTas ( P). 

surface temperature on the plateau. The 'j" points are farth­
est from Faraday, so least likely to follow the simul ated 10 m 
curve. 

Despite these caveats, the resu lts a re interesting as they 
demonstrate the importance of recogn ising that 10 m temp­
erature measured at a given site is a function of the climate 
history and is not necessarily equa l to the mean annual sur­
[ace temperature for the same yea r. The variation simulated 
using the Faraday temperature record is la rge enough to 
explain the differences in measurements made at the same 
sites at different t imes and to give confidence that repeat 
measu rements of 10 m temperature can be used to detect 
clim ate var iation on the Antarctic Peninsula plateau . 
Further work, using temperature records derived from deep 
ice cores from the plateau and the complete set o[ 10 m temp­
erature data avai lable for the region, wi ll be reported else­
where. 

8. CONCLUSIONS 

The DAISY model has been calibrated [or polar conditions 
using data from H a lley Bay primarily because the quality of 
the meteorological data coll ected during the IGY is so good. 
Snow-pit measurements a re available to initialise the model 
and test its capacity to simulate densification, and tempera­
ture was recorded at everal levels in the snow throughout 
the IGY. The only weakness in the d ata set arises because 
the positions of the snow surface and thermocoupl es were 
not recorded with respect to a fixed level. Simu la ted snow 
tempera tures at the estim ated thermoco uple positions 
agree wel l with the measured temperatures exce pt for a 
3 month period when it appears that the near-surface ther­
mocoupl es are higher in th e sno"vpack than ex p ec ted. 
Furthermore, the accumulation at the thermocouple site is 
much higher than the average local value, possibly as a 
result o[ drifting, but possibly because the snow surface was 
unwittingly measured with respect to a moving datum . 
However, these are relatively mi nor problems given the ad­
vantage of this extensive and well-doc umented collection 
of data. 

The densification of the snow was well represented by an 
equation based on Kojima's (1964-) studi es of Antarctic snow. 
H eat 0011' was bes t modelled assuming effective thermal 
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conductivities in the upper part of the range reported by 
M ell or (1977). This probably re£1ec ts the re lative impor­
tance of vapour diffusion and convective air and vapour 
movem ent in po lar condit ions. Good est im a tes of the 
energy input at the upper boundary of the snow cou ld be 
made using a n a lbedo of 0.9 and aerodynam ic rough ness 
length of 10 ,I m. T hus all the parameters in the DAISY 
model have "effec tive" values wh ich are as expec ted from 
independent studies. \Ve have reported elsewhere (Morr is 
and others, 1994) on the successful validation of the model 
using these effec tive va lues to simu late tempera ture va ria­
tions during the 1991 STABLE IT experiment at Halley. 
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