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Comparison of sea-ice thickness measurements

under summer and winter conditions in the

Arctic using a small electromagnetic
induction device
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ABSTRACT

Drillhole-determined sea-ice thickness was compared
with values derived remotely using a portable small-
offset loop-loop steady state electromagnetic (EM) in-
duction device during expeditions to Fram Strait and the
Siberian Arctic, under typical winter and summer con-
ditions. Simple empirical transformation equations are
derived to convert measured apparent conductivity into
ice thickness. Despite the extreme seasonal differences
in sea-ice properties as revealed by ice core analysis, the
transformation equations vary little for winter and sum-
mer. Thus, the EM induction technique operated on the
ice surface in the horizontal dipole mode yields accu-
rate results within 5 to 10% of the drillhole determined
thickness over level ice in both seasons.

The robustness of the induction method with respect
to seasonal extremes is attributed to the low salinity of
brine or meltwater filling the extensive pore space in
summer. Thus, the average bulk ice conductivity for sum-
mer multiyear sea ice derived according to Archie’s law
amounts to 23 mS/m compared to 3 mS/m for winter
conditions. These mean conductivities cause only minor
differences in the EM response, as is shown by means of
1-D modeling.

However, under summer conditions the range of ice
conductivities is wider. Along with the widespread oc-
currence of surface melt ponds and freshwater lenses
underneath the ice, this causes greater scatter in the ap-
parent conductivity/ice thickness relation. This can result
in higher deviations between EM-derived and drillhole
determined thicknesses in summer than in winter.

INTRODUCTION

The sea-ice thickness distribution in the polar regions has
been shown to respond sensitively to global climate change
(Mitchell etal., 1990). Itis one of the key factors controlling the
exchange of energy and momentum between atmosphere and
ocean. Therefore, there has been much effort in the past to in-
vestigate and develop techniques to measure sea-ice thickness
on regional scales. So far, apart from submarine sonar mea-
surements of ice draft (e.g., Wadhams et al., 1992) the most
promising technique for large-scale ice thickness determina-
tion seems to be airborne low-frequency electromagnetic (EM)
induction (e.g., Kovacs et al., 1987; Kovacs and Holladay, 1990;
Multala et al., 1995). In those studies, EM sounding systems
were suspended below a helicopter or built into a fixed-wing
aircraft, and measurements were performed in system heights
of 15 to 20 m above the ice surface. The results indicated that

the thickness of level portions of sea ice can be estimated within
5% of drillhole determined ice thickness. In contrast, over de-
formed ice, e.g., in the vicinity of pressure ridges, results are
not reliable. There, large deviations are a result of the variabil-
ity within the footprint of the instruments, which is the area
in which the secondary field is predominantly generated by
induced currents and in which the ice thickness therefore is
averaged. Kovacs et al. (1995) estimate the footprint size for
vertical coaxial coil arrangements to be about 1.3 times the an-
tenna height above the sea-ice/water interface, and 3.8 times
for horizontal coplanar systems. Liu and Becker (1990) and
Liu et al. (1991) numerically modeled the EM response over
ice keels and developed algorithms to invert it into ice-keel
shape, but these approaches are only of limited practical use
because the structure of pressure ridges usually is too complex
to be inverted realistically.
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Based on earlier work by Sinha (1976) and Hoekstra (1980),
Kovacs and Morey (1991) performed ground-based measure-
ments using a small portable steady-state induction device with
coplanar coil arrangement to supplement airborne surveys. The
instrument used was operated in the horizontal dipole mode
and yielded reliable results within +10% of the true ice thick-
ness over level ice in the thickness range from 0.7 to 3.5 m, us-
ing only the quadrature component of the received secondary
field. Compared with airborne measurements, this technique
was easy to use, and the lateral resolution of thickness varia-
tions was 3 to 4 m, much better than for the airborne systems.

All the above studies were performed in the American sec-
tor of the Arctic and in the Baltic Sea, respectively, during
winter and spring only. Because of its high resistivity, the ice
is considered transparent for EM systems under these condi-
tions. The conductivity of the seawater has to be assumed or
is inverted from multifrequency soundings. Kovacs and Morey
(1991) showed that small variations in ice and seawater conduc-
tivity do not alter the EM response significantly with respect
to ice thickness inversion.

In this paper, we extend the application of EM sea-ice
thickness measurements employing ground-based small-offset,
loop-loop surveys to winter as well as summer conditions in dif-
ferent regions of the Arctic, using the technique of Kovacs and
Morey (1991), and then compare them with drilling results.
Based on ice-core analyses, conductivities of Arctic summer
sea ice are determined. Then, by means of 1-D modeling of the
EM responseg, it is examined to what extent the response is al-
tered under summer conditions, when the ice is highly porous
and contains a significant meltwater component. Particular at-
tention is focused on special features occurring only in sum-
mer, such as surface melt ponds and meltwater lenses at the
ice/water interface, because at least the former usually cover
between 10 and 50% of the surface of Arctic summer sea ice
(Maykut, 1986). Although ground-based measurements may
not be adequate to measure ice-thickness distributions on re-
gional scales, the findings from our applications of the EM
method under summer conditions should be of great impor-
tance for the suitability of airborne surveys during the melt
season as well.

STUDY AREAS

EM measurements were performed as part of sea-ice re-
search programs conducted during a winter cruise and two
summer cruises of the icebreaking research vessel Polarstern,
which led to Fram Strait and to the Siberian Arctic, respectively
(Figure 1).

The study area in the Laptev Sea is representative of ice con-
ditions prevailing over the vast Eurasian shelves, from where
first-year ice is exported into the Arctic Basin and after a period
of a few years’ transport in the Transpolar Drift is finally ex-
ported through Fram Strait. Thus, the areas studied represent
the two “end-members” of Arctic sea ice, the thinner, young
ice of the shelf seas and the aged, deformed multiyear ice in
the ablation zone.

Conditions in winter (March 1993) were characterized by
very low air temperatures (—40 to —33°C). Profiling was car-
ried out on a snow-covered multiyear floe. The summer mea-
surements (August-September 1993 and 1995) took place
during warmer conditions always close below 0°C. Here, both

multiyear and first-year ice, lacking a snow cover and exhibit-
ing extensive development of surface melt ponds, were inves-
tigated.

MEASUREMENTS
EM system

All EM measurements were performed with a standard
Geonics EM31. Thisisa portable small-offset loop-loop steady-
state induction device with a spacing r of 3.66 m between small
transmitting and receiving coplanar antenna coils of 0.05 m di-
ameter, forming good approximations of magnetic dipoles. The
operating frequency f is 9.8 kHz. The instrument yields mea-
surements of apparent conductivity o,, which is calibrated from
the quadrature phase component of the ratio of the secondary
and primary electromagnetic fields Hs and Hj, as

4 Hs
:—Im — ), 1
o wpior 2 <Hp> W

where o is the angular frequency (= 2z f) and po = 47 X
10~7 H/m is the magnetic permeability of free space. The indi-
cated apparent conductivity is a measure of the integrated elec-
trical conductivity of the half-space beneath the instrument.
The primary field generated by the transmitter coil induces
eddy currents within the conductive subsurface. The result-
ing secondary EM field is measured, through compensation
of the primary field, by the receiving coil. The magnitude of
the secondary field is proportional to the distance between
the coils and the subsurface and its conductivity (Keller and
Frischknecht, 1966). In the case of sea ice with its low con-
ductivity, the secondary field is induced mainly in the highly
conductive ocean water. The salinity of Arctic seawater typi-
cally varies between 30 and 35% (e.g., Coachman and Aagaard,
1974), with temperatures between 0 and —1.8°C resulting in
a conductivity between 2300 to 2900 mS/m (UNESCO, 1983).
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Fic. 1. Map of the Arctic Ocean showing the study regions in
the Fram Strait and in the Laptev Sea.
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Therefore, the strength of the secondary field is related directly
to the distance between instrument and seawater, or to the sum
of sea-ice thickness and (known) instrument height above the
ice surface.

Field procedures

All profiles used a 4 m point spacing and were 100 to 250 m
long (Table 1). At each point, the EM measurements were per-
formed with the instrument placed directly on the snow/ice or
melt pond surface and operating in the horizontal dipole mode,
i.e., the coil planes were aligned vertically. This mode yields the
most accurate interpretations (Kovacs and Morey, 1991) that
is mainly a result of the smaller footprint size compared with
measurements in the vertical dipole mode (Kovacs et al., 1995;
see also in the Introduction).

In addition to the along-profile measurements, a number of
individual surface melt ponds were cross-profiled with point
spacings varying from 1 to 5 m. Melt ponds typically are some
meters to a few tens of meters in diameter and 0.2 to 0.4 m
deep.

Direct measurements of snow depth, ice thickness, and free-
board were conducted in holes drilled at 4 m spacing. In addi-
tion, one or several ice cores were taken along each profile for
temperature measurements and analysis of ice microstructure
and physical properties including ice conductivity (for details
of ice-core analysis, see Eicken et al., 1995).

In total, EM and direct measurements were performed at
roughly 400 single points along 12 standard profiles during both
expeditions and additional melt-pond cross-profiles.

1-D modeling

To examine the influence of different conductivities of win-
ter and summer sea ice as derived by the ice-core analyses on
the electromagnetically measured apparent conductivity, 1-D
modeling of the EM response (quadrature component of the
relative secondary field) to changing total ice thickness and
changing ice conductivity was performed. Full solution for-
mulas for this are given, e.g., by Ward and Hohmann (1988)

Table 1. Mean EM and drillhole derived ice thickness

Zign 2idri|l and their standard deviations s and the deviation

= (Zigy — Zigein)/Zigey X 100 for each single profile.
_ Length  zg,, Zigiy 8

Profile (m) (m  sem (M) swin (%)

W1 204 285 066 281 059 14

S1 122 325 117 3.05 1.08 6.6

S2 100 074 026 078 028 -51

S3 100 166 063 165 0.71 0.6

S4 100 179 042 180 060 -—0.6

S5 100 183 027 184 037 -05

S6 48 1.74 0.06 170 0.04 2.4

S7 100 185 030 189 032 -21

S8 100 238 036 237 045 0.4

S9 100 195 055 196 051 -05

S10 122 256 130 237 1.07 8.0

S11 100 297 066 312 060 -—48

All (Summer) 1092 207 093 208 091 -05

and were programmed using a digital filter method (Anderson,
1979). For the modeling, we assumed a seawater conductivity
of 2600 mS/m being a mean surface-water value measured by
CTD casts onboard RV Polarstern during the summer cruises
(Schauer, pers. comm.) and a coil height of 0.14 m above the
snow/ice surface.

RESULTS
Conductivity-thickness transformation

As a data example, in Figure 2 an apparent conductivity pro-
file is compared with drillhole determined ice thickness (in the
following, total ice thickness, i.e., ice and snow thickness, is
referred to as ice thickness) along the same profile. A strong
negative correlation between apparent conductivity and ice
thickness is obvious.

Plotting apparent conductivity versus ice thickness for all in-
dividual measurements establishes a strong negative exponen-
tial relationship (Figure 3). By fitting exponential functions to
these data, transformation equations are obtained for the con-
version of apparent conductivity o, (mS/m) to ice thickness
z (m). Different transformation formulas were obtained for
the winter and summer data sets (Figure 3).

The fits

0y = 95.8 4+ 10955 exp(—0.995z,)  (2a)
and
0as = 57.2 + 1270.9 exp(—0.900z), (2b)

where indices w and s indicate winter and summer data, re-
spectively, explain 91% (winter) and 98% (summer) of the
total variance in the data. An estimate of the relative vari-
ance s? of the measurements can be gathered by means of
Chi-square statistics, since x? resulting from the fit should be
approximately equal to 1 per degree of freedom. Based on
s? = 9.7% for the winter and s?> = 13.8% for the summer data,
x? of 1.03 and 0.99 per degree of freedom result, respectively,
indicating an appropriate estimate of variances. From these, no
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FiIG.2. 100 m long profiles of snow and ice thickness and appar-
ent conductivity o, as measured in the horizontal dipole mode
with the instrument placed on the ice surface (summer, profile
S3). The zero line on the left axis marks the sea level. Spacing
of drillholes is 2 m; that of EM measurements is 4 m.
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significant difference between the winter and summer data can
be deduced. Pooled winter and summer data result in

04 = 62.5 + 1273.9exp(—0.9157), (2c)

explaining 98% of the total variance, s?> being 13.6% (x? =
0.99).

Inversion of equations (2a), (2b), and (2c) yields the trans-
formation equations

z,, = 7.03 — In(oa,, — 95.8),/0.995, (3a)
Zig = 7.94 — In(0as — 57.2) /0.900, (3b)

and
z, = 7.81 — In(o, — 62.5)/0.915. (3c)

An application of the transformation equation (3b) is pre-
sented in Figure 4a, showing the EM-derived and drillhole de-
termined ice thickness for the profile of Figure 2. In Figure 4b,
the deviation

82 = (Zigy — Zigan) / Zigein % 100 4)

of the EM-derived thickness z_,, relative to the drilling results
Zi it is presented.

On all profiles, EM-derived and drillhole determined thick-
nesses match well for winter and summer data. In most cases,
the deviations are less than +10%. On level ice, characterized
by small lateral thickness variations (0—-40 m and 75-100 m
in Figure 2), the accuracy is even better and the deviations
seldom exceed +5%. Thus, over level ice no significant differ-
ence occurs between measurements performed in winter and
in summer.

1200 T
Data:
Summer
+ Winter
1000 Exponential fits to data:
Summer
------- Winter

Model curves:

-------------- Ice 3 mS/m above
Sea water 2600 mS/m

———=— Ice 23 mS/m above
Sea water 2600 mS/m

800

600

400

Apparent conductivity, mS/m
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FiG. 3. Measured apparent conductivity versus ice thickness
for the complete winter and summer data sets and the expo-
nential fits according to equations (2a) and (2b) for winter and
summer data. Also plotted are two two-layer 1-D model curves
for ice floating on water with a conductivity of 2600 mS/m. Ice
conductivities of 3 and 23 mS/m (see text) have been assumed.

As also found in all other studies referred to in the Introduc-
tion, EM-derived thicknesses differ significantly from drillhole
determined thickness only in ridged areas. There, deviations
can be as high as 40%.

Melt-pond cross-profiles

Figure 5 presentsice surface and draft profiles determined by
drilling across three melt ponds. Also, the EM-derived draft is
shown as calculated by means of equation (3b) and by subtrac-
tion of the ice freeboard which is zero over melt ponds. While
EM and drilling results agree well in Figure 5a, the true draft
is underestimated in Figure 5b, whereas it is overestimated
in Figure 5c. The pond-water salinity of the ponds shown in
Figures 5a and 5c was close to zero, but the water of the pond
in Figure 5b had a salinity of 17.2%, with a temperature of
—1°C resulting in a conductivity of 1473 mS/m. Therefore, the
measured apparent conductivity was too high, resulting in an
ice-thickness estimate too small compared with the true thick-
ness. In Figure 6, the apparent conductivity from all measure-
ments over melt ponds is plotted versus drillhole determined
ice plus melt-water thickness. As in Figure 3, a negative expo-
nential relationship can be seen. Also included in Figure 6 is a
model curve for a 2-layer model with a water conductivity of
2600 mS/m and an ice conductivity of 23 mS/m resulting from
the ice-core analyses below (see also Figure 3). This curve ex-
plains 84% of the total variation of the melt-pond data, thus
indicating a greater scatter of measurements performed over
melt ponds than over pond-free ice. Still, in most cases satis-
factory ice plus meltwater thickness values could be derived.

Ice-core analyses

To yield an estimate of the bulk electric ice conductivity of
winter and summer sea ice as input parameters for the 1-D
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FiG. 4. (a) Ice thickness z determined from drillholes and by
means of equation (3a) along the profile of Figure 2. (b) Devi-
ation (zg,, — Zidrm)/zidrm x 100 between drillhole determined

and EM-derived ice thickness in Figure 4a.
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modeling, ice cores were analyzed for values of brine volume.
The stratigraphy, microstructure, and salinity profiles of all
cores were typical for Arctic multiyear ice (Eicken et al., 1995).

For the estimation of relative brine volume, fourth-degree
polynomials were fitted to the measured temperatures of the
winter cores, and linear temperature profiles from 0°C at the
top to melting temperatures (—1.8°C) near the bottom of the
ice were assumed for the summer ice cores, consistent with field
measurements. Relative brine volumes V,/V were calculated
according to Cox and Weeks (1983):

Vb_ ,OS

vV F(T)

®)

where p and Sare the bulk density and salinity of an ice sam-
ple and F, is a coefficient dependent on temperature T. For
temperatures above —2°C, F;(T) was taken from Lepparanta
and Manninen (1988). Gas volume was assumed to be 10%o.
In Figure 7, two typical temperature and brine volume profiles
are presented for sea-ice cores taken in winter and summer.
Because of the very low ice temperatures (Figure 7a), brine
volumes are very small in winter compared to summer (solid
and open symbols, respectively in Figure 7b). Mean brine vol-
ume of all cores drilled in winter was 13.6%o, and 93.4%o. of all
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Fic.6. Apparentconductivity as measured in horizontal dipole
mode with the instrument placed immediately above the sur-
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summer cores, the latter value being slightly smaller than mean
brine volumes of summer multiyear ice in the Eurasian sector
of the Arctic Ocean found in Eicken et al. (1995), which ranged
from 100 to 150%o.

To calculate bulk ice conductivities from the measured tem-
peratures and brine volumes, we followed a procedure sug-
gested in Morey et al. (1984) and Kovacs and Morey (1988). It
takes into account that sea ice is a mixture of pure ice and brine.
While the pure ice fraction is considered to be nonconducting,
the temperature-dependent conductivity oy, of the brine isgiven
by (Stogryn and Desargant, 1985)

op = —T exp(0.5193 + 0.08755T); T > —22.9°C

and

op = —T exp(1.0334 + 0.11T); T < —22.9°C. (6)
A relationship between the conductivity o; of brine-saturated
media and their porosity @ is given by the empirical Archie’s
law (Archie, 1942)

o = O'bCDm, (7)

where mis an empirical constant (“cementation factor”). Orig-
inally, this expression was derived for permeable sandstones
displaying no preferred shape or orientation of pores. For m,
Morey et al. (1984) derived values between 1.55 in the top and
1.75 near the bottom of the ice, while Thyssen et al. (1974)
found a value of 2.2. In our calculations, we choose m = 1.75.

Sea-ice conduction is believed to occur mainly in vertically
aligned brine channels and the porosity is smaller than in most
sandstones. However, since a comprehensive theory of con-
duction processes in sea ice is highly involved, Archie’s law
provides a first estimate of sea-ice conductivity.

Conductivity profiles were calculated for all cores as outlined
above. This resulted in a mean ice conductivity of 3 mS/m for
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FiG. 7. Temperature (a) and brine volume (b) profiles of two
typical multiyear ice cores obtained during ARK-1X/1a (from
profile W1, solid symbols) and ARK-IX/4 (from profile S8,
open symbols).

the winter cores and 23 mS/m for the summer cores, respec-
tively.

The results of the 1-D modeling using these two values as
conductivities for the ice are also included in Figure 3. As in
the measurements, apparent conductivity decreases exponen-
tially with increasing ice thickness. The effect of the different
ice conductivities is rather small, getting larger with increasing
ice thickness, as more and more ice is contained in the region
sensed by the instrument. Both curves provide a sufficient fit
to the data at small and intermediate ice thicknesses.

DISCUSSION
Validity of transformation equations

Equations (3a), (3b), and (3c) are empirical relations, which
implies that they are only valid for conditions similar to those
for which the underlying data set was obtained. However, the
ice-core results demonstrate that the state of the ice cover dur-
ing both surveys was representative of Arctic multiyear pack
ice during seasonal extremes. Hence, equation (3a) may be
used for most Arctic multiyear ice at very low temperatures,
while equation (3b) is valid for Arctic multiyear ice in summer,
or equation (3c) could be used for all data. Furthermore, the
transformations are only valid within certain thickness limits.
Strictly, they can only be used for the thickness and conductivity
range covered by the underlying data set. Further data are re-
quired for larger thicknesses, although here the problem of the
3-D nature of the measurements enters, because larger thick-
nesses are most likely to occur in deep draft pressure ridges.

Another estimate for the range in which reliable measure-
ments could be performed is provided by the slope of the curves
in Figure 3 and equations (2), respectively, since they reflect the
dynamic response of the instrument with respect to ice thick-
ness variations. Thus, to resolve a change in thickness of 0.1 m,
the gradient of the curves should be larger than 2 mS/m per
0.1 m thickness variation, if the instrument reading is taken
to be stable within £2 mS/m (which from our experience is a
reasonable assumption). This is achieved for thicknesses less
than about 4 m and 4.5 m for the winter and summer data, re-
spectively, and for less than 5 m for the 1-D model curves. For
comparison, the theoretical 1-D sensitivity of measurements
carried out in the vertical dipole mode is slightly better, be-
ing sufficient for thicknesses of up to 5.6 m (curves not shown
here). To extend the thickness range of EM measurements, an
instrument with a better signal-to-noise ratio or a wider coil
spacing has to be used, although this would reduce the lateral
resolution.

It should be noted that equations (3) were derived from real
data gathered over both level as well as thicker deformed ice
(see also below), even though the method was shown to be
less reliable over the latter. If it were surely known in advance
that the ice was level and undisturbed, then a transformation
equation could have been used derived by inversion of afitto a
1-D model curve. For example, fitting an exponential function
to the 23 mS/m curve in Figure 3 in the 0 to 5 m thickness range
would yield a transformation equation

z = 8.38 — In(0a — 43.3)/0.842 (8)

(r = 1.0) which would result in the most accurate thick-
ness interpretations of level ice, much better than by use of
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equation (3). But the problem is that in many cases the ice
cannot be assumed to be level and undeformed in advance,
equations (3) thus being better choices for the general case of
measurements in the field.

This discussion shows that from a different point of view, the
problem of accuracy of the EM measurements can be consid-
ered as the problem of identifying whether a stretch of sea ice
is level or deviates from an ideal one-layer case. To meet this
problem fully, a multifrequency instrument would be needed,
allowing to reduce the ambiguities inherent to the use of a
single-frequency instrument only.

Comparison of EM-derived and drillhole
determined thickness

Table 1 lists mean EM-derived and drillhole determined
thicknesses z,, and z, ., for all 12 profiles along with their
standard deviations sgy and syrii. Additionally, the deviations
between the means z,, and Zdri” are presented. Although
measurements at individual points in the region of pressure
ridges can deviate largely, these deviations almost seem to van-
ish if mean values for complete profiles and in particular across
pressure ridges are considered. Apparently, the positive devia-
tions at ridge flanks effectively compensate the negative devi-
ations over ridge crests (Figure 4). Still, the largest deviations
occur for profiles S1 and S10, which also exhibit the largest
standard deviations, corresponding to a rough thickness pro-
file. Further, sg\ is strongly correlated with sy (r = 0.97,
Table 1), showing that EM profiles across rough ice do not
generally appear smoothed. This is also a result of thickness
variations perpendicular to the profile direction that are not at
all represented in the drilling data.

The problems encountered in deformed ice are also reflected
in the deviations between model curves and the exponential fits
to the data at ice thicknesses bigger than 3 to 4 m in Figure 3.
Since the model curves have been calculated with a 1-D model,
they give the expected apparent conductivity at a certain thick-
ness of a level, infinitely extended plate of ice. In contrast, the
data presented in Figure 3 have been measured on both level
and deformed ice, the larger thicknesses almost entirely caused
by measurements over pressure ridges. Here, as a result of the
areal averaging of the subsurface conductivity, the determined
apparent conductivity is higher than in the case of level ice of
the same thickness.

Measurements on summer sea ice

The extreme differences in general physical properties of
winter and summer sea ice are only of minor importance for ice
conductivity, introducing little difference between winter and
summer data and the model curves in Figure 3. Still, although
this difference is not significant, the apparent conductivities
over ice of intermediate thickness (1 to 2.5 m) measured in
winter are smaller than in summer, indicating lower ice con-
ductivities. The model results emphasize that at both seasonal
extremes EM measurements are a suitable tool to determine
ice thickness. That this is also true for measurements in summer
is because of the properties of the meltwater. Although brine
volumes of summer sea ice are much higher than in winter, the
brine and meltwater filling the pores have only low salinities,
because brine and ice generally are in a phase equilibrium, and
warm ice cannot coexist with high salinity brine. For example,

average brine salinities of typical multiyear ice in summer as
directly measured by Eicken et al. (1995) range from 4.8%o
in the top to 16.7%o in the lower parts of the ice column, i.e.,
are much smaller than seawater salinity. Thus, the resulting ice
conductivity of 23 mS/m derived here is only slightly greater
than the 3 mS/m for the winter ice, making the summer ice
transparent for the EM dipole fields. Since the conductivity
contrast between the ice and seawater remains very large, the
EM measurements are not altered significantly.

The seasonal differences between physical properties of the
ice are mainly caused by different ice temperatures at the re-
spective time of the year. To investigate the effect of tem-
perature on the electrical conductivity profile within Arctic
multiyear ice with a typical mean salinity profile [calculated
from 66 cores by Eicken et al. (1995)], we calculated ice con-
ductivity profiles for surface temperatures of 0, —1.8, —10, —20,
—30, and —40°C, assuming a linear temperature profile from
the top to the bottom, the latter taken to be at the melting tem-
perature of —1.8°C (Figure 8a). The complete range of sea-
sonal extremes is covered by these values. Ice conductivities
for each depth interval (0.01 m resolution) were calculated as
described above (Figure 8c). Since the bottom temperature is
the same for all profiles, differences mainly occur in the middle
and top portions of the profiles. Ice conductivities are high-
est for the 0°C-surface-temperature profile and lowest for the
—40°C profile. It is important to note that the largest differ-
ences occur between the 0 and —1.8°C profiles, while below
surface temperatures of —10°C ice conductivity does not vary
much. Thus, ice properties relevant for the EM measurements
vary little throughout most seasons and change only signifi-
cantly during summer. Still, as outlined above, the EM mea-
surements are hardly affected in any season. Apart from brine
volume, brine conductivity also enters into the calculation of
ice conductivity according to equation (7). Brine conductiv-
ity profiles for the respective surface temperatures calculated
from equations (6) are plotted in Figure 8b. Generally, as brine
temperature decreases, brine salinity increases. This leads to
increasing brine conductivity only down to a temperature of
—11.4°C. Below this temperature, ion mobility in the brine is
reduced and therefore its conductivity decreases with temper-
ature. For ice conductivity this implies that decreasing brine
volume due to decreasing temperature is compensated by in-
creasing brine conductivity, but only down to —11.4°C. Below
this temperature, both brine volume and brine conductivity
cause reduced ice conductivity.

Similar to the ice, in most cases melt ponds were found to be
transparent for the EM fields, since their water is derived from
the melting of snow and low-salinity upper ice layers (Figure 7).
For example, water samples obtained from a larger number of
surface melt ponds by Eicken et al. (1994) had a mean salinitiy
of 2.9%., with a broad maximum of the distribution at about
0.5 to 1%o, resulting in very small conductivities. Therefore, the
total thickness of the ice plus meltwater layer is correctly de-
termined. Nevertheless, the melt-pond measurements show a
larger scatter than measurements over pond-free ice (Figures 3
and 6). This, on the one hand, is caused by the fact that melt
ponds may in some cases exhibit higher salinities approaching
those of seawater (Eicken et al., 1994). On the other hand, the
scatter of the pond data is more likely due to the fact that the ice
bottom topography below ponds often is vaulted upward (like
in the extreme example in Figure 5c), as a result of enhanced
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melting caused by higher energy absorption within the low-
albedo ponds. These morphological features affect measure-
ments in the same way as ridges do.

Other common features occurring in summer are melt-water
lenses or under-ice melt ponds forming underneath the ice as a
result of meltwater runoff at floe edges or downward percola-
tion of meltwater (Wadhams and Martin, 1990; Eicken, 1994).
Typically, the thickness of these lenses ranges from a few cen-
timeters to a few decimeters. Because the density of meltwater
is lower than that of the seawater, it tends to collect at the
ice bottom, in particular within depressions such as are often
found beneath surface melt ponds. Since the meltwater is highly
transparent to the EM fields, ice thickness is overestimated in
such cases (as may be the case in Figure 5c). However, since
much of the meltwater entrapped underneath the ice freezes
due to the contact with the cold seawater even during summer
(Eicken, 1994), this meltwater could still be considered as part

of the ice cover, being only temporarily in a fluid phase. The
problem with under-ice meltwater lenses is that their presence
generally cannot be predicted.

CONCLUSIONS

The results shown demonstrate that the small-offset loop-
loop EM technique can be applied successfully for the indirect
determination of level sea-ice thickness, extending the previous
work conducted in the North American Arctic under winter
and spring conditions (Kovacs and Holladay, 1990; Kovacs and
Morey, 1991) to the Eurasian Arctic and to the summer season.
Comparison of winter and summer data bracketing the most
extreme conditions to be encountered during measurement
campaigns in conjunction with ice-core studies demonstrated
the robustness and general applicability of the technique.

Melt season conditions with their fundamental differences
in physical sea-ice properties introduce greater scatter into the
ice-thickness versus apparent conductivity relation, because ice
conductivity can vary in greater ranges than in winter. Surface
melt ponds typical for Arctic summer sea ice are almost trans-
parent for the EM fields and allow ice plus meltwater thickness
to be determined correctly in most cases. Under-ice melt ponds,
where they exist, generally result in overestimates of ice thick-
ness of some centimeters to one or two decimeters. This could
be a concern for engineering applications of ice-thickness mea-
surements.

The study showed that for level and moderately deformed
ice, empirical conductivity-thickness relations may provide re-
liable, readily available ice-thickness estimates. Moreover, the
study showed that these relations also hold for summer sea ice
even in areas of melt ponds.

Although for greater ice thicknesses observed in pressure
ridges the accuracy of the EM-derived thickness decreases sig-
nificantly and may be rather poor, the technique does at least
provide valuable data on the distribution and typical length
scale of such thick or deformed ice. These are important vari-
ables for the validation of sea-ice models (Harder and Lemke,
1994).

Measurements presented here, like those of Kovacs and
Morey (1991), were performed with a portable small-offset
loop-loop instrument. Operated during station times of ice-
breaking research vessels cruising through ice-covered regions,
these measurements can yield representative data on the re-
gional thickness distribution. Furthermore, the results of this

study with respect to measurements over summer sea ice also

apply to airborne EM surveys, which can operate much more
effectively.
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