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ABSTRACT. Sea ice is a highly mobile component of the Antarctic environment. Its 
velocity and deform ation are critical processes, importa11l in global climate models. These 
variables are determined by the balance of atmospheric and oceanic forces on each ice fl oe 
and variations in these forcings, and can produce regions of divergence or convergence. Sur
face drag coeffi cients relate the forces due to wind or water to the stress applied to the ice 
floe. This study adds to the limited drag coefficients reported previously for Antarctic data. 

Surface elevation profiles were collected during two ship-based voyages to the Weddell 
Sea in 1992 and 1994, and were also recorded on Ice Station Weddell in 1992. These data 
a re used to derive surface drag coeffi cients using an empirical formulation following 
Banke and others (1980). The eastern and western regions of the Weddell Sea contain pri
marily first- and second-year ice, respectively. Despite these different ice types, the drag 
coeffici ents calculated are simila r. The different ice-driftjwind-speed ratio in the two 
regions suggests a difference in ocean currents, jnternal ice st r~ss or water drag. The drag 
coefficients calculated ranged between 1.2 x 10-3 and 2.2 x 10-3

. The results compare well 
with other published Antarctic coefficients, a nd are generally smaller than those reported 
for the Arctic. 

INTRODUCTION 

Surface drag coeffi cients (CDN10 ) are used to calculate the 
atmospheric stress on the ice, given a wind speed, from 
which the movement of the ice floes can be es ti mated. This 
is a significant component in the total sea-ice momentum 
balance, a nd is important for improving global climate 
models, as well as models confined to the Antarctic region. 
\"'hile a tmospheric models calculate the surface drag, ice 
models using prescribed winds often adjust this value to im
prove the results. For example, Fischer and Lemke (1994) 
found better agreement between their model and Weddell 
Sea buoy-drift tracks by changing CDN10 from 2.75 x 10-3 (a 
value commonly used in Arctic models ) to 1.5 x 10-3

. 

Although there have been many se ts of drag coefficients 
published for Arctic sea-ice data (e.g. Banke and Smith, 
1973; Overla nd, 1985), there are only about seven published 
studies for the Antarctic (e.g. Martinson and Wamser, 1990; 
Andreas and others, 1993). The differences in the ice and 
atmospheric conditions between the two polar regions can 
result in significant differences in the drag coefficients. Arc
tic coefficients have been found to range from as low as 
0.2 x 10-3 (Smith and others, 1992) to as high as 8.0 x 10-3 

for extremely rough multi-year ice (Guest and Davidson, 
1991). Antarctic coefficients generally range between much 
closer limits, with an average first-year Anta rctic coefficient 
of 1.5 x 10 3 found by Andreas and others (1993). This is 25 % 
lower than the median Arctic values determined by Guest 
and Davidson (1991). 

Arctic sea ice is generally much thicker than sea ice in the 
Antarctic, and is typically deformed into long linear ridges 

several metres high. In contrast, the thinner Antarctic sea 
ice often displays centimetre-scale roughness on its surface 
caused by wind deposition of snow. Andreas (1995a) showed 
that drag coefficients depend more directly on roughness ele
ments on the order of centimetres (e.g. sastrugi and snow
drifts ), and these small undulations are often the dominant 
factor in determining the value of the drag coefficient. 
Andreas's adaptation of R aupach's (1992) model provides 
theoretical justification for this conclusion, which has also 
been stated by other authors (e.g.Jackson and Carroll, 1978). 

This study adds to the relatively few Antarctic surface
drag studies, and compares coefficients from the eastern 
and the western Weddell Sea. The ice in these regions can 
differ substantially in age and deformation. The Weddell 
Gyre sweeps clockwise around the Weddell Sea, causing 
the pack ice to be forced in a westerly direction, increasing 
fl oe interaction and the interaction of the ice with the Ant
arctic Peninsula coastline. This leads to an increase in defor
mation in the western Weddell Sea (Lange a nd Eicken, 1991). 
Most of the ice found in the eastern Weddell Sea can be clas
sified as first-year ice, while that in the western region is 
generally multi-year ice. 

Although there have been other drag-coefficient studies 
in the Weddell Sea, most have used vertical wind-velocity 
profiles to determine the ice-roughness length (za ) and 
CDN1a . This study uses the method of Andreas and others 
(1993), where 100- 200 m profiles of snow-surface elevation 
measurements are used to calculate CDN lO from an empiri
cal relationship derived by Banke and others (1980). The 
data also include repeated profiles which enable temporal 
changes to be examined. Pairs of profiles, with one profile 
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Fig. 1. Study location of Ice Station Weddell ( ISWj, and 1992 and 1994 R/ V Nathaniel B. Palmer ( NBP j vqyages. 

taken in a perpendicu lar direction to the other profi le, are 
compared, to determine the directional dependence of 

CDN10 · 

DRAG COEFFICIENT THEORY 

The balance of forces on a n ice fl oe determines its velocity 
(Martinson and Wamser, 1990), such that 

8 Vice . ( ) mice Tt = -zm ice fVice + Ta - Tw - I 1 

where m ice uVice/ ut is the net force exerted on the ice fl oe 
(m ice is the ice mass per unit area, Vice is the ice-velocity vec
tor ), -imice!Vice is the Coriolis term (i is the imaginary unit 
H , f is the Coriolis force), Ta is the atmospheric stress, Tw 

is the water stress, and I is the internal ice stress. The atmo
spheric and water stresses can be related to the air or water 
velocity by T = pCD U2, where p is the densi ty of the air or 
water, CD is the drag coeilicient acting at the air- ice or ice
water interface, and U is the air or water velocity. 

The relationship used for calcu lating CDNlO (Banke and 
others, 1980) is given by Equation (2), where ( is the rough
ness scale, in cm. Neutral atmospheric stability is assumed 
[or this study, and the coefficients a re referenced to a stan
dard height of 10 m a.s.l. 

103CDNlO = 1.10 + 0.072( . (2) 

The roughness scale is calculated from the Fourier spec· 
trum, X(k) , of the surface elevation measurements, where 
k is the wavenumber and ko is the lowest wavenumber. 

(3) 

A linear regression performed on Arctic data by Banke and 
others (1980) correlated measured wind-speed profiles with 
surface rough ness, obtaining Equation (2). Although it is an 
empirical relationship, a nd Arctic and Anta rctic sea-ice 
conditions generally differ significantly, theo retical justifi. 
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cation of the regression's use in either pola r region is pro
vided by Andreas (l995b) through a modified version of 
R aupach's (1992) model. The results have a lso been com
pared with drag coefficients calculated using more conven
tional methods, such as wind-velocity profi les (e.g. Andreas 
and others, 1984; Martinson and Wamser, 1990). 

All the flo es measured had a snow cover. CDNlO was 
calculated using both snow-surface elevation da ta, a nd ice
elevation data, symbolising a hypothetical snow-free ice sur
face. The rms roughness of the surfaces was also calculated 
to investigate the relationship between this and the drag 
coefficient. A full explanation of the theory behind the 
method can be found in Andreas and others (1993) or Fisher 
(1996). 
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Fig. 2. Example of the measured and calculated distances 
takenJor each prqfile. This prqfile shows an example taken 
on 10 J une 1992. T he snow-surface rms roughness Jor this 
prrifile is 4.9 cm and the ice surface Tms roughness is 4.2 cm. 
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DATA 

The data analyzed in this study were collected during three 

field experiments, in 1992 and 1994. The date and location of 
each experiment are shown in Figure 1. Surface roughness 
measurements were taken in the Weddell Sea during two 
ship-based voyages using R /V Nathaniel B. Palmer (NBP), 
and also from Ice Station Weddell (ISW). See Andreas and 

Claffey (1995), Ackley and others (1992) and McPhee and 

others (1996) for details of the ISW, 1992 NBP and 1994 
NBP experiments, respectively. The data collected included 
elevation measurements of the snow cover, ice surface and 
ice draft, and meteorological data. The elevation profiles 
were collected using two methods: drillholes or laser level
ling devices. All datasets provide measurements at regular 
intervals, either 0.5 or 1.0 m intervals along a linear transect. 
There were no significant differences in the results from the 
different measurement intervals. Figure 2 shows an example 
of the elevation measurements made during the 1992 NBP 
voyage. 

The elevation data were collected with an error of ± 0.5 
cm. This measurement error results in drag coefficients with 
an absolute error of 5.6 x 10- 6

, which equates to 0.4% of the 
average drag coefficients, 1.3 x 10 3 and 1.4 x 10 3. This is 
negligible compared with the errors involved in using the 
regression line of Banke and others (1980), who gave errors 
of 0.2- 0.4 x 10- 3

. Other published errors for drag-coefficient 
work are in the range 0.3-0.5 x 10- 3 (Anderson, 1987), while 
Guest and Davidson (1991) gave accuracies of20% or better. 

Table 1. Data summa1Y for the three datasets used. In each 
case, snow and ice surface elevation prqfiles were measured 

Dataset Ice I),pe 

1992 NBP Multi-year ice 

1994 NBP First-year ice 
ISW Single Ice Ooe, 

multi-year ice 

Number of 
proJiLes 

Comments 

20 Fourteen of the profiles were 
taken in pairs, with one profile of 
each pair taken in a perpendicu
lar direction to the other. 

19 
II Profiles were repeated (usua lly 

twice) at the fi ve loca tion s, about 
1 month apart. 

Table I summarises the data collected. Twenty profiles 
were collected over multi-year ice during the 1992 NBP voy
age, of which seven pairs were taken with the profiles perpen
dicular to each other to examine the directional dependence 
of CDNIO. During the 1994 NBP voyage 19 profiles were col
lected over first-year ice. The 11 profiles collected during the 
ISW experiment were all taken on a single floe, in five 
locations. Each of the five initial profiles was remeasured after 
about 25- 55 days, and one location was measured three times. 
These repeated profiles are used to examine temporal 

changes in CDN10, in particular the effect of snow-ice forma
tion. The profiles are named after the day of the year on which 
they were collected (e.g. profile 66 refers to the transect of sur
face elevation measurements recorded on 6 March ). The two 
profiles taken at each location on ISW are considered as a 
"pair" of profiles, and the notation 56-112 (for example) is 
used. This refers to the profile taken on day 56 and that taken 
on day 112, both along the same lines. 

Fisher and Lytle: Atmospheric drag coefficients qfWeddell Sea ice 

During ISW, the camp location was determined using a 
global positioning system (GPS) about 20 times per day. 
These locations were interpolated to hourly values, and 

compared to measured wind speeds as reported in Andreas 
and Claffey (1995). Similarly, during the 1994 NBP voyage, 
the ice velocity was estimated from GPS position measure
ments during two drifting ice camps, each approximately 
1 week long, and compared to measured wind speeds 

(McPhee and others, 1996). The results from a linear corre

lation of the wind speed with ice-drift rates are presented to 
highlight the different dynamics observed in the two regions 
during the different experiments. 

RESULTS 

The drag coefficients calculated in this study range between 
1.2 x 10- 3 and 2.2 x 10- 3 for the eastern Weddell Sea and 
1.2 x 10 3 and 1.6 x 10- 3 for the western Wed dell Sea. Table 2 
shows the minimum, average and maximum coefficients, 
and the average rms roughness of each dataset. All the drag 

coefficients are remarkably similar, considering the differ
ent regions, ice types and years from which the data were 
collected. 

Table 2. Minimum, average and maximum drag-coefficient 
values for the snow surface, and average rms roughness qf the 
snow profiles 

Dataset 

1994 NBP 
1992 NBP 
ISW 

Number of Average rms 
/JroJiLes roughness 

19 
20 
11 

elll 

7.4 
13.3 
11.5 

Drag coefficients (ice surface) 
:'.1inimum Average Maximum 

1.2 X 10- 3 

1.2 x 10 :l 

1.3 x 10 3 

1.4 x 10-3 

1.3 x 10 3 

1.3 x 10 3 

2.2 x 10 3 

1.6 x 10 3 

1.6 x 10 3 

The eastern Weddell Sea region shows much lower snow
surface rms roughness, with the dataset's (1994 NBP) aver
age (7.4 cm ) 44% lower than the average rms roughness of 
the 1992 NBP western Weddell Sea voyage (13.3 cm ), and 
36% lower than the ISW dataset (11.5 cm ). The ice surface 
of the eastern region is similarly lower in rms roughness. 

The drag coefficients calculated for the eastern Weddell 
Sea region are, on average, higher than those for the western 
region, possibly due to the greater amount of small rough
ness elements, such as sastrugi and snowdrifts, in the eastern 
Weddell Sea. 

SNOW COVER 

The snow layer typically found on Antarctic ice floes tends 
to collect around roughness elements, modifying the ice sur
face (Andreas, 1995 b) which may affect the drag coefficient. 

To determine the effect of snow on CDN1Q, drag coefficients 
were calculated for the ice surface underlying the snow. 

This gives an idea of the ice surface's roughness and the 
way in which it would interact with the atmosphere if there 
were no snow cover. Since the ice surface is not actually ex
posed to the atmosphere, it is possible that the surface is not 
the same as it would be without its protecting snow layer. 
Rafting and ridging of the ice occurs regardless of the 
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presence of snow and is still represented in the ice-surface 
elevation measurements. Therefore the coefficients cal
culated (Table 3) may not perfectly represent snow-free ice, 
but they do present an estimate of the coeffi cients for snow
free ice. This provides a means for investigating the effect of 
the snow cover on the surface roughness, and hence the drag 
coefficient. It is intuitively expected that the ice surface 
would be rougher than the snow surface, which has the snow 
cover smoothing it. However, the snow develops its own 
roughness which is a combination of roughness from the ice 
surface and wind-created disturbances (e.g. sastrugi). 

Table 3. Minimum, average and maximum drag-coifficient 
values jor the ice surface, and average rms roughness if the 
ice-surface elevation measurements 

Dataset 

1994NBP 
1992 NBP 

rsw 

Number if Average rms 
prrifiLes roughness 

19 
20 
II 

cm 

4.2 
8.6 

11.5 

Drag coefficients ( ice surface) 
Minimum Average Maximum 

1.1 X 10-3 

I.l X 10-3 

1.2 X 10 3 

1.3 x 10 3 

1.3 x 10 3 

1.4 X 10 3 

1.8 X 10 -3 

1.6 X 10 3 

1.9 X 10 3 

The snow and ice drag coefficients were found to be 
similar, although there is a tendency for the snow values to 
be larger (Fig. 3), indicating a rougher snow than ice surface. 
This implies that sastrugi and other snowdrifts increase the 
surface roughness, and hence the snow CONlo. Most of the 
coefficients a re located around the I: I relationship line, 
which is simi lar to the results of Andreas and others (1993). 

Average snow thickness over the profiles ranged 
between 7.2 and 70 cm. There was no correlation between 
snow thickness and either the snow or ice CDN10. 
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Fig. 3. Comparison if drag coifficients over snow and ice sur
faces, where the 1992 NBP and ISW data were collected in the 
western Weddell Sea and the 1994 NBP data in the eastern 
Weddell Sea. 

SURFACE FLOODING 

Changing surface winds have been shown to modify the 
snow surface and alter the drag coefficient (Andreas and 
Claffey, 1995). Here, the effect of a changing ice surface on 
the snow-surface drag coeffi cient is investigated, in particu
lar the influence of refreezing slush on the ice surface. Sur-
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face slush is frequently found on Antarctic sea ice, and the 
refreezing of the slush can significantly alter the ice surface 
roughness (Lytle and Ackley, 1996). This in turn can alter 
the snow surface roughness, affecting the amount of atmo
spheric stress acting on the floe. 

A comparison of profile pairs, with the two profiles col
lected a month or more apart on ISW, is shown in Figure 4. 
Two of the locations had slush over most of the ice surface 
during the first profile (56 and 66), which refroze before the 
second profile (112 and 110) was measured. A third location 
(78) was initially covered partially with slush. No slush was 
observed on the second profile (104) or on the subsequent 
profile pairs (11O (b)-134, 97-131). No ice deformation was 
observed between the measurements. A decrease in two of 
the three fl ooded pairs of ice-drag coefficients over time in
dicates a smoothing of the ice surface roughness. This is a lso 
reflected by less variability in the coefficients calculated for 
the second profiles compared with the first profiles. This 
suggests that there is less variation in ice roughness after 
flooding has occurred. 
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Fig. 4. Temporal comparison of drag coiffients of ]SW profile 
pairs. + indicates that substantialflooding was evident in the 
first prqfile; _ indicates that onlY partialflooding was evi
dent. The names if the prqfi.le pairs given on the x axis 
represent the two days on which the prqfi.les in the pair were 
measured. The symbol representing the 'Jirst prqfi.le" corre
sponds to the prqfi.le namedfirst. See textfor more details . 
Note: Where onlY one symbol is visible, the coifficients of the 
first and second prqfiles are the same. 

In the partially flooded profile pair where there was 
little temporal change in the ice coefficients (78-104), there 
was also no change in the snow coefficients. Both the profile 
pairs with substantial flooding (56-112,66-110) showed a sig
nificant decrease in the ice coefficient. This led to a signifi
cant change in the snow coefficient and snow surface 
roughness of the 56-112 pair. This indicates that flooding, 
which can lead to a smoothing of the ice-floe surface, may 
at times be a significant factor affecting the snow surface 
C ONlO , if the change in ice CDNlO is large enough. 

High ice roughness may indicate that a floe has been 
deformed but no smoothing from frozen slush has occurred. 
This is supported by results from the 1994 NBP voyage 
where the highest drag coeffici ents were calculated for 
profiles 224b and 224c shortly after significant deformation 
occurred. In this situation, day 223 saw a storm with hurri
cane-force winds and increased ice deformation. By day 224, 
the ice surface still appeared deformed a nd had not yet been 
smoothed through flooding or weathering. This floe had sig-
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nificantly higher coefficients calculated for this day (224b: 
snow GONIa = 1.8 x 10- 3

, ice GONIa = 1.5 x 10- 3
; 224c: snow 

G ONIO = 2.2 X 10-3
, ice GONIO= 1.8 x 10-3

) than for the other 
1994 NBP coefIicients. 

WIND-SPEED DEPENDENCE 

Although the ice drift correlates well with wind speed, the 
average ratio of the wind to ice velocities differs between 
the eastern and the western Weddell Sea. Figure 5 shows 
the ice-drift rate compared to the 10 m wind speed for ISW 
and 1994 rBP, and the calculated regression. Ice-drift 
speeds for 1992 TBP are not avai lable. 
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Fig. 5. Dependence cif drift rate on wind speed at 10 m a.s.l. 
The solid lines in the plot show the correlation between the 
wind speed and ice drift, where the ice was found to drift at 
about 3.5% cif the wind speedfor the 1994 NB? data, and at 
about 2.5% Jor the ISW data. 

The ISW dataset shows lower drift rates than 1994 NBP 
and a lower dependence on wind speed, while the 1994 NBP 
data show a very strong wind-speed dependence a nd higher 
wind speeds. The ice drifted at about 3.5% of the wind 
speed for the 1994 NBP data, and at about 2.5% for the 
ISW data. Since the surface drag coefficients in the two 
regions are similar, these differences are due to different 
ocean currents, internal ice stress and water drag. 

DIRECTIONAL DEPENDENCE 

Perpendicular profile pairs collected during the 1992 NBP 
voyage were used to establish the directional dependence of 
GONIa (Fig. 6). Most of the profile pairs show little direc
tional dependence, indicating that the Ooes had similar 
roughness features in both directions. Only the two pairs 
taken on 15 June, which have the highest values, show differ
ences in G ONIO when measurements are taken in perpen
dicular directions. Therefore, on at least this floe, the wind 
direction could result in different ice movements. This is 

Fisher and Lytle: Atmospheric drag coifficients cifHleddell Sea ice 

somewhat contrary to the results of Andreas and Claffey 
(1995) who show that changes in wind direction can mark
edly change GONIo . Because the ship was only on station a 
few hours, a detailed history of the wind and floe orientation 
relative to the profiles is unavailable. Higher CoNIa values 
may be necessary for directional anisotropy to occur, or 
the profile lines may not have been oriented optimally to 

measure the anisotropy. 
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Fig. 6. Comparison cif the 1992 NB? perpendicular pairs. 
?rqfiles a and c are perpendicular to prcifiles band d. 

CONCLUSIONS 

The results of this study are similar to those in the literature 
(e.g. Andreas and Claffey, 1995; Dierking, 1995), regardless 
of the study location or method of determination, a lthough 
there is a tendency in the publi shed coefIicients towards 
slightly higher values than found here. Little difference was 
found between the drag coefficients of the eastern and 
western regions of the Weddell Sea, which is supported by 
the simila rity of both regions' coefficients in the li terature. 

This is the first study to investigate the effect of flooding 
on GO NIa, and results show that it can cause a change in 
GONIa. Where the ice GONIa is higher (at least 1.5 x 10-3

), 

the formation of snow ice was found to contribute to a 
smoothing of the ice surface, in turn a ltering the snow sur
face roughness and reducing both the snow and ice GONIo. 

No sign ificant change in GONIO was found for lower initial 
values of GO NIa or where snow-ice formation did not occur. 
The modifying effect of flooding may partially explain the 
simil ar range of CoNIa found throughout the vVeddell Sea 
region, where flooding is often found. 

Despite simi lar drag coefficients in both regions, the 
difference in ice-drift rate between the regions suggests the 
influence of factors other than wind speed, such as water sta
bility, ice interaction, water drag or ocean currents. 

There has been a concentration in past Antarctic studies 
on the Weddell Sea. Little work has been done in other 
areas, although there are a few published results for East 
Antarctica (e.g. Allison and Akerman, 1980). The large 
difference established between the drag coeffi cients in the 
Antarctic and Arctic, and the variability of the GONIa with
in each of the polar regions, emphas ises the need for more 
data to be collected in the Antarctic, especia ll y areas other 
than the Weddell Sea, in order to make allowances for a vari
able drag coefficient, both spatially and temporally, in 
future models. 
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