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as an alternative approach to mass-balance
measurements. The EM method relies on
the strong conductivity contrast between
the ice cover and the underlying seawater,
registering the strength of a secondary
magnetic field below the ice bottom that is
induced by the primary field generated by
the instrument. While the method is not as
accurate (in particular on shorter time
scales), it has two distinct advantages over
conventional thickness gauge
measurements: It provides larger data sets
in a shorter period of time and is non-
destructive, thereby minimizing problems
due to shortwave absorption by gauge
installations in summer. EM techniques
have been successfully employed to obtain
thickness data in different regions, mostly
during the cold winter months when ice
conductivities are at their minimum
(Kovacs et al., 1987, Multala et al., 1996,
Haas et al., 1997). The aim of this
investigation is to (1) assess the sensitivity
and accuracy of EM methods for ablation
measurements, (2) derive an ice
conductivity-thickness relationship to
allow for inversion of apparent-
conductivity measurements at the SHEBA
site, (3) determine the contribution and
spatial variability of ablation to the mass
balance of the ice cover based on the EM
data sets, and (4) examine ablation data
collected along a profile in ponded ice.

Seawater:
σsw = 2450 mS m-1

Ice: σsi = 58 mS m-1

Pond: σpfw = >50 mS m-1

Freshwater layer:
σbfw = <1500 mS m-1

3.66 m

EM-31

Fig. 1: Schematic depiction of electromagnetic
induction device with transmitter and receiver
coils, primary/secondary field and the position
and conductivity of different layers discussed
further in the text.
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During the months of May through
August 1998, Ice Station SHEBA drifted
between 76 and 78.5 ˚N and 160 and 170
˚E in the northern Chukchi Sea (Perovich
et al., 1999a). The core component of the
SHEBA site extended over an area of
approximately 10 km2, composed of a
mixture of first- and multi-year ice, the
former mostly in the form of refrozen
leads. A total of 135 thickness gauges was
distributed among 10 sites (for details of
site layout and further information on
measurement program see Perovich et al.,
1999b). Gauges were read at intervals
between 2 and 4 days during the summer
period. EM thickness data were obtained
along 13 profiles at 7 of the main mass-
balance sites, varying between 60 and 900
m in length with measurements at intervals
of 2.5 (Topographic profiles 1 and 2) to 5
m.

EM measurements were carried out with a
Geonics EM-31 electromagnetic induction
device. The instrument determines the
apparent conductivity of the underlying
medium based on measurements of the
secondary electromagnetic field that a
surface-based transmitter coil induces in
the ice and the seawater underneath (Fig.
1). Owing to low bulk sea-ice
conductivities (<80 mS m-1) and high
seawater conductivities (>2400 mS m-1),
the signal is controlled by eddy currents
generated at the ice-seawater interface. The
two coplanar transmitter and receiver
antenna coils are mounted at a spacing of
3.66 m and operate at 9.8 kHz. The entire
instrument has been mounted in a
polyethylene kayak hull to place it as close
to the surface as possible and increase the
ease of towing by hand and snowmobile
across the ice and melt ponds. All
measurements reported here were carried
out in the horizontal dipole mode, yielding
a footprint that is approximately 1.35
times larger than the distance between the
instrument and the ice-water interface (Liu
and Becker, 1990). During the early
season, the co-location error between the
same point at different dates is <5 m for
the profile along the Main Line (incl.
Ridge and Pittsburgh, see Perovich, 1999b
for locations) and <2 m for Seattle, Sarah's
Lake and Surface Topography Profiles.
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Fig. 2: Ice-thickness/conductivity relationship for
EM measurements at SHEBA thickness gauges.
The solid line is derived from a 1-D model based
on mean ice and water conductivities during
summer. The dashed line corresponds to an
empirical relationship (equation 5) derived for a
larger data set of measurements (grey symbols) in
the Eurasian Arctic (Haas and Eicken, submitted).

Along the 900 m long profile beyond Tuk
and at Atlanta the maximum offset
between profiles is estimated as 10 m.
Later in the season, positioning errors
increase along the Main Line and beyond
Tuk due to floe break-up and extensive
melt.

In addition to these measurements, the
surface topography of the ice was
determined with a laser levelling device at
0.5 to 1 m spacing. Ice-salinity data were
obtained with a YSI 30 conductivity sonde
on melted ice cores that had been cut into
0.05 to 0.1 m segments immediately after
sampling. Ice temperatures were measured
by inserting a temperature probe into
small holes drilled into the ice core.
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The EM measurements yield an apparent
conductivity σa that is derived from the
ratio of the imaginary components of the
primary and secondary field Hp and Hs
according to
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with the magnetic permeability of free
space µ0 = 4 π x 10-7 H m-1, a coil
separation r of 3.66 m and at a frequency
f of 9.8 kHz. The apparent conductivity
depends on the conductivity structure of
the halfspace below the instrument and is
dominated by the seawater component.
The mean salinity of the water column
between 4 and 10 m depth, i.e., directly
underlying the ice, has been determined as
30.7 ± 0.4 (practical salinity units, psu) for
the period June 1 to August 31, 1998,
based on the data set compiled by Stanton
et al. (available through the Joint Office
for Science Support, JOSS, CODIAC data
distribution system). At a mean
temperature of –1.65 ˚C this corresponds
to a conductivity of approximately 2450
mS m-1. The sea-ice conductivity has been
derived from profile measurements of ice
salinity and temperature at three of the
mass-balance sites. Given the brine-volume
fraction Vb (computed according to Cox
and Weeks, 1983) and the brine
conductivity σb according to Stogryn and
Desargant (1985), the bulk ice
conductivity σ i has been determined
according to Archie's law

σ σi b b
mV= (2)

with the exponent set to m = 1.75 as
outlined in Haas et al. (1997). This yields
an average ice conductivity of 58 mS m-1,
with σi varying between 42 and 70 mS m–1.

With most of the ablation measurements
carried out in comparatively level sea ice
of thicknesses zi ≤ 4 m, 1-D modeling of
the apparent-conductivity signal provides a
basis for inversion of the conductivity data
sets. The relative magnitude of Hs is
derived as a function of the height above
layers of varying thickness and
conductivity as outlined in Haas et al.
(1997) and following Ward and Hohmann
(1988). Fig. 2 shows the model results
based on the ice and seawater
conductivities described above and for
varying ice thickness. For comparison, 66
EM measurements directly adjacent to
thickness gauges have also been plotted
and agree very well with the model.
Discrepancies are to a large part attributed
to potential offset between the gauge and
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the instrument as well as the different
footprint sizes for the gauge (<0.2 m) and
the EM-31 (>2 m). The 1-D model curve
has been approximated by an exponential
function

σ i iz= + −( )57 34 958 1 0 8406. . exp .   
    (R2 > 0.999) (3)
which yields the transformation equation
to derive ice thickness from conductivity
measurements as

zi
i= −
−( )8 167

57 35
0 8406

.
ln .

.
σ

(4).

Also shown in Fig. 2 is an empirical
relationship derived for comparable
summer sea ice in the Eurasian Arctic
(Haas and Eicken, in press)

σ i iz= + −( )79 5 1139 8 0 913. . exp .    (5)

which integrates a larger component of
thicker, deformed ice but appears to
overestimate thickness based on the
SHEBA data. This may in part be due to
the lower surface seawater conductivities
observed at the SHEBA site. In this study,
all derived ice thicknesses are based on
equation 4, with a comparative analysis of
data transformed with the inverted
equation 5.
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Despite the high volume fractions of brine
or meltwater in summer sea ice (exceeding
10 % in many layers), the overall ice
conductivity is still comparatively low with
an average value below 60 mS m-1 due to
the low salinity of the partially snow-
derived meltwater. This circumstance
accounts for the superiority of
electromagnetic inductive versus active
radar-frequency techniques in the study of
ice thickness in summer. Nevertheless, the
presence of meltwater layers at the surface
in the form of ponds and directly
underneath the ice does affect the EM
signal. To assess the sensitivity of the
method to layers of different thickness and
salinity, the effective deviation from the
true ice thickness as measured by the EM-
31 in the present configuration has been
derived with the 1-D model (see Fig. 1 for
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Fig. 3: Deviations ∆zi of measured from true ice
thickness zi as derived from 1-D EM modeling
for a layer of fresh or brackish water of thickness
zfw underlaying or overlaying an ice cover of 2 m
(overlaying) or 1.5 m (underlaying) thickness.
The salinity of the water layer is indicated at
right; the dashed-dotted line corresponds to ∆zi =
0.

different layer configurations). As shown
in Fig. 3, ice thickness is underestimated
by approximately 0.1 m for a pond of
salinity 10 ‰ and 0.08 m depth or of
salinity 2.5 ‰ and 0.28 m depth. Due to
low average pond salinities of 0.3 ‰ the
deviations are on the order of 0.01 m for
most of the melt season (largely
independent of pond thickness as evident
from Fig. 3), which is also supported by
direct thickness measurements in ponded
areas. In the last weeks of August, with
average salinity increasing to 7 ‰,
deviations as high as 0.5 m can result for a
pond depth of around 0.4 m. Thus, in the
presence of saline meltponds, their impact
on the signal must be corrected for.

Under-ice water layers of low salinity (<10
‰) result in an apparent increase in ice
thickness by more than 0.1 m for layer
thicknesses above 0.2 m. Higher salinity
(>20 ‰) layers require thicknesses in
excess of 0.4 m for the same effect. Since
formation of fresh under-ice water lenses
is not uncommon in the Arctic (Eicken,
1994), it is advisable to check for their
presence. At SHEBA, under-ice ponds
were observed under first-year ice and in
thinner sections of multi-year floes, with
layer thicknesses between 0.1 and 0.5 m
and salinities of less than 5 ‰, resulting in
overestimates of ice thickness by 0.05 to
0.3 m. Except for parts of the 900 m
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Fig. 4: EM-measurements
of ice thickness (5 m
spacing) along the Main
Ablation Line (including
Pittsburgh and Ridge Sites)
during the course of the
ablation season. Note that
thickness axis has been
reversed so as to roughly
match floe bottom topogra-
phy. Snow (completely
gone by day 193) or melt
pond depths (individual
points visible below zero-
line) are plotted at the top,
drawn to scale but with
reversed sign compared to
thickness data. Data mis-
sing along the profile later
in the season are result of
floe disintegration.

profile beyond Tuk, they did not appear to
significantly affect the mass-balance gauge
sites and conductivity data, however, and
have hence not been corrected for. Given
the spatial heterogeneity of such under-ice
melt lenses, correction for these effects is
possible but may require more intensive
EM/drill-data comparisons or surveys of
the under-ice salinity structure. In most
cases, the impact of such lenses on the
accuracy of the data is deemed tolerable,
however.

The accuracy of the EM31 instrument is
specified at better than 1 mS/m. Based on
the first derivative of the empirical
thickness-conductivity relations, this
translates to a sensitivity of 0.015 m for 3
m thick level ice and 0.09 m for 5 m thick
level ice. Uncertainties in the distance
between the instrument and the ice surface
and in coil orientation increase the total
measurement error to approximately 0.05
m for 2 m thick ice when compared
against drill-hole or gauge ice thickness
measurements. Because of the different
footprint size of EM vs. drill-hole or
gauge measurements (>2 m vs. <0.2 m), a
significant fraction of the disparities (as
well as the scatter evident in Fig. 2) result
from the mismatch in sampled ice surface
area rather than from true discrepancies.
Taking into account such errors associated
with drill-hole or gauge measurements and
averaging over repeat profile
measurements results in an error estimated
at approximately 0.05 m (level ice

thickness 2 m) for the present data set. As
derivation of ice thicknesses in ridged ice
sections with keel depths larger than
approximately 7.5 m or level ice
thicknesses >6 m requires 2-D modelling
and further data analysis, ablation
measurements have been restricted to ice
thicknesses smaller than these critical
thresholds.
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The impact of the ablation season on a
large segment of the SHEBA camp floe is
evident from Fig. 4, which shows the EM-
derived thickness profile along a 600-m
section that encompasses the Main
Ablation Line as well as the Quebec,
Pittsburgh and Ridge Sites. The bottom of
the ridge extended to depths to render
interpretation of conductivity
measurements based on a 1-D approach
unreliable. The highest melt rates were
observed on the flank of the ridge towards
the Met Hut, with a total ablation of up to
1.5 m between days 161 and 247. While
smaller topographic features are difficult
to match directly in different profiles, an
increase in ice roughness, due mostly to
deepening puddles (e.g., between 290 and
370 m), is evident in parts of the profile.
Thinning of lead ice is also pronounced,
with disintegration of the floe along the
Quebec lead later in the ablation period.
While a more detailed study of the
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Table 1. Ice thickness zi (mean and standard deviation) at day of year D, total
 amount of ice ablation ∆ztot and ablation rates ∆z/∆t at different sites

Location zi,0, m D0 zi,1, m D1 ∆ztot, m ∆z/∆t, mm d-1

                                                                                                                                                                                                                                                                                                                                 

Atlanta 1.81 154 1.35 209 0.46 -8
±0.31 ±0.40

Seattle 2.64 162 1.68 215 0.96 -18
±0.50 ±0.52

Main Line* 2.74 161 1.49 247 1.25 -14
±1.12 ±0.90

Tuk 1.78 154 0.88 243 0.90 -10
±0.49 ±0.55

Topo1 1.69 173 0.81 239 0.88 -13
±0.24 ±0.32

                                                                                                                                                                                                                                                                                                                                 

* Only data points representing ice present at start and end of season have been
taken into account

evolution of ice roughness is beyond the
scope of this paper, it is noteworthy that
the standard deviation of ice thickness (as
a simple roughness measure) is increasing
during the ablation season both in relative
and absolute terms for all profiles except
the main line, where desintegration of the
ice towards the end of the season limits an
assessment of roughness (Table 1, see also
Section 6).

The impact of the ablation season on the
ice thickness distribution as derived from
the combined data set is shown in Fig. 5.
The mode of the distribution has been
shifted by approximately 1.2 m. The
widening of the distribution is only in part
due to actual differences in ablation rates
for different thickness classes. A limited
subset of gauge data (Fig. 6b) indicates
little dependence of ablation on initial ice
thickness, but such dependence is more
pronounced for the entire data set. The
broadening in distribution is also a result
of temporal differences in the acquisition
of the data sets during the last part of the
ablation season (Table 1). Given that co-
location errors are comparatively small,
spatial variability is not deemed to be of
significance here. The magnitude and rate
of ablation at the individual main sites are
listed in Table 1. The actual length of the
ice ablation season (based on the period
between the onset and termination of ice,
rather than snow, melt) depends on several
factors, including the depth of the snow
cover and the ice thickness. Generally,
surface ice melt commenced between June

16 and 22 (days 167 and 173) after
removal of the snow cover and ended in
mid- to late August (day 230 and later).
Bottom melt started around June 2 (day
153) and ended by late September (day
270 or later). Snow melt commenced on
May 29 (day 149). Thus, the longest
records (Main Line, Topography Profile 1
and Tuk) cover almost the entire surface
ablation season and most of the bottom
ablation period. The total amount of
ablation between these three sites agrees to
within 20 %, with maximum ablation rates
observed in the thicker, ridged sections.
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Fig. 5: Probability density function (pdf) of ice
thickness for entire EM-derived data set in the
early and late melt season (413 and 390
measurements, resp.). Measurement time
intervals are: days 154-209 (Atlanta), 162-215
(Seattle), 161-247 (Main line), 173-239 (Topo1)
154-209 (Tuk), with each first day corresponding
to the “early melt” and each second day to the
“late melt” curve.


