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ABSTRACT. In the framework of the Surface Heat Budget of the Arctic (SHEBA)
study, indirect, non-invasive ice mass-balance measurements were carried out at a drifting
station in the northern Chukchi Sca between May and August 1998, Tce thickness was
derived from clectromagnetic induction (EM) measurements of apparent conductivity
along 13 profiles (60-900 m long). As shown through sensitivity studies with a one-dimen-
stonal model, the apparent conductivity data from individual points can be inverted to
vield estimates of ice thickness and ablation with an accuracy of approximately 0.05 m
(for 2 m thick level ice). Ablation rates were 818 mm d- 1, with total ablation amounting
to roughly 0.9-1.2 m. Measurements of thickness and melt rates along different profiles in
undeformed multi-year 1ce corresponded closcly, indicating that the sampling statistics
arc adequate. The roughness of undeformed ice has been found (o increase during the
sumnier due to deepening of melt ponds and enhanced bottom melt. Icc under melt ponds
was disproportionately thinner, most likely a result of thicker snow cover reducing winter

accretion.

1. INTRODUCTION

Undeformed sea ice in the Arctic basin typically experiences
0.1=1m of surface and bottom melt during the summer
period (Maykut, 1986; Romanov, 1996). The magnitude as
well as the spatial and temporal variability of summer
ablation arc of grcat importance in determining the overall
mass balance of the Arctic ice pack. Satellite and ground-
based observations indicate that extent and thickness of the
Arctic sea-ice cover have undergone significant changes in
recent decades {Cavalieri and others, 1997, Rothrock and
others, 1999), although it 1s not clear to what extent these
arc the vesult of natural variability. Nevertheless, it is
apparent that a significant fracton of these changes have
been confined to the ablation season (Maslanik and others,
1996; Perovich and others, 1999h; Haas and Eicken, 2001},
underscoring the importance of summer melt processes in
determining the state of the Arctie ice pack.

Measurements of annual loss and gain of icc mass are
required at selected sites to improve our understanding of the
ice-growth and ablaton processes and to enhance their repre-
scntation in numerical sea-ice models. As part of the Surface
Heat Budget of the Arctic Ocean (SHEBA) project, ice mass-
balance data were collected ar a drifting station in the
northern Chukchi Sea and Beaufort Sea [rom October 1997
1o October 1998 (Perovich and others, 1999b). Traditionally,
such mass-balance data are collected by repeated thickness-
gauge mceasuremcents, with a crosshar on a wire pulled up
against the ice bottom and read against a scale on a gauge
anchored mto the ice. While this robust and time-proven
method has distinct advantages, even with a large effort it only
provides spot measurements at a restricted number of points.
During the ablation period when changes in ice thickness are
most rapid, absorption of shortwave radiation can cause
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problems with loosening and enhanced formation of puddles
around gauges. At a later stage, the hydraulic conduit pro-
vided by the wire and gauge leads to drainage of meltwater,
potentially affecting the small-scale energy and mass balance.
During summer 1998 an electromagnetic induction
(EM) method was tested and validated at the SHEBA site
as an alternative approach to mass-balance measurements.
The EM mecthod relies on the strong conductivity contrast
between the ice cover and the underlying sca water,
registering the strength of a sccondary 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 advan-
tages over conventional thickness-gauge measurements: it
provides larger datasets in a shorter period of time and is
non-destructive, thereby mimmizing problems due to short-
wave absorption by gauge installations in summer. EM
techniques have been successfully employed to obtain thick-
ness data in different regions, mostly during the cold winter
months when ice conductivities are at their minimum
(Kovacs and others, 1987, Multala and others, 1996; Haas
and others, 1997). The aim of this investigation is to (1) assess
the sensitivity and accuracy of EM mcthods for ablation
measurements, (2) derive an ice conductivity—thickness
rclationship to allow for inversion ol apparent-conductivity
mcasurements at the SHEBA site, (3) determine the contvi-
bution and spatial variability of ablation to the mass balance
of the ice cover based on the EM datasets, and (4) examine
ablation data collected along a profile in ponded icc.

2. STUDY AREA AND OVERVIEW OF MEASURE-
MENT PROGRAM

During May-August 1998, Ice Station SHEBA drifted
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Fig. [ Schematic depiction of EM device with Lransmiller and
recetver coils, primary/secondary field and the position and
conductivity of different layers discussed farther in the lext.

between 767 and 78.5" N and 160° and 170 E in the northern
Chukehi Sca (Perovich and others, 1999b). The core component
of the SHEBA site extended over an area of approximately
10 km?, composed of a mixture of first- and multi-year ice,
the former mostly n the form ol refrozen leads. A total of 135
thickness gauges were distvibuted among 10 sites (for details of
site layout and further information on measurement program
see Perovich and others, 1999a). Gauges were vead at intervals
of 2-4 davs during the summer period. EM thickness data
were obtained along 13 profiles at 7 of the main mass-balance
sites, varving between 60 and 900 m in length with measurc-
ments at intervals of 2.5 (topographic profiles 1 and 2) 10 Hm.

EM measurements were carried out with a Geonics EM-
31 device. The mstrument determines the apparent conduc-
nvity of the underlving medium based on measurements of
the secondary electromagnetic {ield that a surface-based
transmitter coil induces in the ice and the sea water
underneath (I1g. 1) Owing to low bulk sea-ice conductivities
(<80 mSm ') and high sca-water conductivities { >2400 m$S
m 1, the signal is controlled by eddy currents generated at
the ice—sca-water interface. The two coplanar transmitter
and receiver antenna coils ave mounted at a spacing of
366 m and opcrate at 9.8kHz The entire instrument has
been mounted in a polyethylene kayak hull to place it as close
to the surface as possible and increase the casc of towing by
hand and snowmobile across the ice and melt ponds. All meas-
urements rcported here were carried out in the horizontal
dipole mode. viclding a footprint that is approximately 1.35
times larger than the distance between the mstrument and
the icefwater interface (Liu and Becker, 1990). During the
early season, the co-location error between the same point at
different dates 1s <5>m for the profile along the main line
{including Ridge and Pittsburgh: see Perovich, 1999a, for
locations) and <2m for Scattle, Sarahs Lake and surface
topography profiles. Along the 900 m long profile beyond
Tuk and at Atlanta the maximum offset between proliles 1s
estimated as 10m. Later in the season, positioning crrors
increase along the main line and beyond Tuk due to floe
break-up and extensive melt.

In addition to these measurements, the surface topog-
raphy of the ice was determined with a lascr levelling device
at 0.5—1m spacing. Ice-salinity data were obtained with a
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YSI1 30 conductivity sonde on melted ice cores that had been
cut into 0.05-0.I'm segments immediately after sampling,
Ice temperatures were measured by inserting a temperature
probe into small holes drilled into the ice core.

3. VALIDATION OF ICE-THICKNESS/APPARENT-
CONDUCTIVITY RELATIONSHIPS

The EM measurements yield an apparent conductivity o,
that is derived from the ratio of the imaginary components
of the primary and secondary ficld Hy, and H, according to

2 H.
e Imi{ 1
e 7 f pgr? m{[[P} (1)

with the magnctic permeability of frec space pg =
4rx107"Hm ", a coil separation 7 of 366m and at a
frequency f of 98 kHz. The apparent conductivity depends
on the conductivity structure of the half=space below the
instrument and 1s dominated by the sea-water component.
The mean salinity of the water column at 4=10m depth, i.e.
dircctly underlying the ice, has been determined as
30.7 £ 04 psu {practical salinity units) for the period 1 June—
31 August 1998, based on the dataset compiled by T, Stanton
and others (available through the Joint Office (or Science Sup-
port (JOSS) CODIAC data distribution system). At a mean
temperature of —=1.65"C this corresponds to a conductivity of
approximatcly 2450 mSm ' The sea-ice conductivity has
been derived from profile measurements of ice salinmity and
temperature at three of the mass-balance sites. Given the
brine-volume [raction V, (computed according to Cox and
Weeks, 1983) and the brine conductivity oy, according to
Stogryn and Desargant (1985), the bulk ice conductivity o
has been determined according to Archie’s law

o = o, V" (2)

with the exponent set o m =175 as outlined in Haas and
others (1997). This vields an average ice conductivity of
58 mS nfl, with g varying between 42 and 70 mS m "

With most of the ablation measurements carvied out in
comparatively level sca ice of thicknesses 23 <4m, one-
dimensional modeling of the apparent-conductivity signal
provides a basis for inversion of the conductivity datasets.
The relative magnitude of H, is derived as a function of the
height above layers of varying thickness and conductivity as
outlined in Haas and others (1997 and following Ward and
Hohmann (1988). Figurc 2 shows the model results based on
the ice and sea-water conductivities described above and for
varying ice thickness. Tor comparison, 66 EM measure-
ments directly adjacent to thickness gauges have also been
plotted and agree very well with the model. Discrepancies
are 1n large part attributed to potential offset between the
gauge and the instrument as well as the different footprint
sizes for the gauge (<02 m) and the EM-31 (>2m). The
one-cimensional model curve has been approximated by
an exponential lunction

oy = 57.34 + 958 1 exp(—0.8406z) (R > 0.999) (3)

which yields the transformation equation to derive ice thick-
ness from conductivity measurements as
In{o; — 57.35)

= 8167 —
: ! 0.8406

(4)

Also shown in Figure 2 1s an empirical relationship derived
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Fig. 2. Iee-thickness/conductivily relationship for M measure-
meats al SHEBA thickness gauges. The solid line s derived
Jrow a one-dimensional model based on mean ice and water
conductivitres durtug sunmer. The dashed lue corresponds to
an empirical relationship { Equation (5)) derived for a larger
dataset of measurements ( grey symbols ) in the Eviasian Arctic
( Haas aad FEicken, 2001),

for comparable summer sea ice in the Eurasian Arctic
(Haas and Eicken, 2001)
o = 79.5 + 1139.8 exp(—0.913z). (5)

which itegrates 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 sca-water
conductivitics observed at the SHEBA site. In this study, all
derived 1ce thicknesses are based on Equation (4), with a
comparative analysis of data transformed with the mverted
Equation ().

4. SENSITIVITY TO VARIATIONS IN THE CON-
DUCTIVITY STRUCTURE OF ARCTIC SUMMER
SEA ICE AND ACCURACY OF THE METHOD

Despite the high volume fractions of brine or meltwater in
summer sea ice (exceeding 10% mn many layers), the overall

ice conductivity 1s still comparatively low, with an average
value of <60mSm ', due to the low salinity of the partially
snow-derived meltwater. This circumstance accounts for the
superiority of EM vs active radar-frequency techniques in
the study of ice thickness in summer. Nevertheless, the pres-
ence of meltwater layers at the surface in the form of ponds
and dircctly underneath the ice does aflect the EM signal. To
assess the sensitivity of the method to layers of different thick-
ness and salinity, the eflective deviation from the true ice
thickness as measured by the EM-31 in the present config-
uration has been derived with the one-dimensional model
{see I'g. 1 for dillerent layver configurations). As shown in Fig-
ure 3, ice thickness 1s underestimated by approximatcly 0.1 m
for a pond of salinity 10%e and 0.06 m depth or of salinity
2.5%0 and 0.28 m depth. Due to low average pond salinities
of 0.3%o. the deviations are on the order of 0.0 m for most of
the melt scason (largely independent of pond thickness as
evident from Fig. 3), which is also supported by direet thick-
ness measurements in ponded areas. In the last weeks of
August, with average salinity increasing to 7%o, deviations
as high as 0.5 m can result [or a pond depth of around 0.4 m.
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Fig. 5. Deviations Az of measured from (rue ice thickness z;
as derwved from one-dimensional M modeling for a layer of
Sresh or brackish water of thickness zy, underlaying or over-
laying an ice coverof 2 m (overlaying ) or L3 m (underlaying )
thickness. The salintly of the water layer is indicaled at right;
the dashed-dotted line corresponds to Az = 0.

Thus, in the presence of saline melt ponds, their impact on
the signal must be corrected for.

Under-ice water layers of low salinity ( <10%o) rcsultin an
apparent increase in ice thickness by >0.m for layer thick-
nesses above 0.2 m. Higher-salinity {>20%0) layers require
thicknesses in excess of 0.4 m for the same effect. Since forma-
tion of fresh under-ice water lenses is not uncommon in the
Arctic (Eicken, 1994), it 1s advisable to check for their presence.
AUSHEBA, under-ice ponds were observed under first-year ice
and in thinner sections of multi-vear floes, with layer thick-
nesses of 0.1 05 m and salinities of <3%o, resulting in over-
estimates of ice thickness by 0.05-0.3 m. Except for parts of
the 900 m profile beyond Tuk, they did not appcear to signifi-
cantly affect the mass-balance gauge sites and conductivity
data, however, and have hence not been corrected for. Given
the spaual heterogeneity of such under-ice melt lenses, corree-
tion 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 EM 31 instrument is specified at better
than ImSm’ ", Based on the first derivative of the empirical
thickness—conductivity relations. this translates to a sensitivity
ol 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 meas-
urement error to approximately 0.05 m for 2 m thick ice when
compared against drillhole or gauge ice-thickness measure-
ments. Becausc of the diflerent footprint size of EM vs drill-
hole or gauge measurements (>2m vs <0.2m). a significant
fraction of the disparitics (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 drillhole or gauge measurements and
averaging over repcat profile measurements results in an error
estimated at approximately 0.05 m (level ice thickness 2 m) for
the present dataset. As derivation of ice thicknesses in ridged
ice sections with keel depths larger than approximately 7.5 m
or level ice thicknesses >6m requires two-dimensional
modelling and [urther data analysis, ablation measurements
have been restricted to ice thicknesses smaller than these
critical thresholds.
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Fg. 4. IEM measwrements of ice thickness (Om spacing)
along the maiu ablation line (including Pittshucgl and Ridge
sites ) during the course of the ablation season. Note that thick-
ness axis has been reversed so as lo roughly maltch floe botiom
lopography. Snow ( completely gone by day 195) or melt-pond
depths (individual ponis visihle below zero line ) are ploited
at the top, drazon lo scale but with reversed sign compared to
thickness data. Data missing along the profile later in the
season are resull of floe disintegration.

5. MASS-BALANCE MEASUREMENTS AT THE
SHEBA FIELD SITE

The impact of the ablation scason on a large segment of the
SHEBA camp floc is evident from Figure 4, which shows the
EM-derived thickness profile along a 600m section that
encompasses the main ablation line as well as the Quebcec,
Pittshurgh and Ridge sites. The bottom of the ridge extended
to depths to render interpretation ol conductivity measurc-
ments based on a one-dimensional approach unreliable. The
highest melt rates were observed on the flank of the ridge
towards the Mect Hut, with a 1otal ablation of up to Lom
hetween days 161 and 247 While smaller topographic features
are difficult o match directly in different profiles, an increase
1 ice roughness, duc mostly 1o deepening puddles (e.g. 290-
370'm), 1s evident in parts of the profile. Thinning of lead ice 1s
also pronounced, with disintegration of the {loc along the
Quebec lead later in the ablaton period. While a more
detaled study of the evolution of ice roughness is bevond the
scope of this paper, it 1s noteworthy that the standard devi-
ation of e thickness {as a simple roughness measure) is
mcereasing during the ablation scason in both relative and
absolute terms for all profiles except the main line, where dis-
integration of the ice towards the end of the scason limits an
assessment of roughness (Table I; sec also section 6).

The impact of the ablation season on the ice-thickness
distribution as derived from the combined dataset is shown
in Igure 5. The mode of the distribution has been shifted by
approximately 1.2m. 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
(Ihg. 6b) indicates little dependence of ablation on inital
1ce thickness, but such dependence 1s more pronounced for
the entire datasct. 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.
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Table I Ice thickness z, (mean and standard deviation) at
day of year D, total amount of ice ablation Az and ablation
rates Nz At at different sites

Location Ee Dy Zi D, Az Az/A¢
m m m mmd
Atlanta 1.81 154 1.35 209 0.46 -8
+0.31 $0.40
Secattle 2064 162 1.68 215 0.96 18
+0.50 +(.52
Main line 2.4 161 1.49 247 1.25 =14
+ 112 +0.90
Tuk 1.78 154 (.88 243 0.90 10
30,49 +0.55
Topol 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.

The magnitude and rate of ablation at the individual main
sites arce histed in'Table 1. The actual length of the ice ablation
scason (based on the period between the onset and termina-
tion of ice, rather than snowmelt) depends on scveral
factors, including the depth of the snow cover and the ice
thickness. Generally, surface ice melt commenced between 16
and 22 June (davs 167 and 173) after removal ol the snow cover
and ended in mid- to late August (day 230 and later). Bottom
melt started around 2 June (day 133) and ended by late Sep-
tember (day 270 or later). Snowmelt comnienced on 29 May
(day 149). Thus, the longest rccords (main line, topography
profile 1 and Tuk) cover almost the entire surface ablation
season and most of the bottom ablation period. The total
amount ol ablation between these three sites agrees to within
20%, with maximum ablation rates observed in the thicker,
ridged sections.

Ablation rates at Atlanta and Seattle arc more diflicult
to interpret due to the shorter measurement interval. With
a gencral increasc in the ablation rates during stages two
and three ol the scason (Tig. 6), Atlanta does appear to be
in the same range as the other locations if measurements
had been continued over a longer interval. The three stages
of the melt scason shown in Figure 6a have been defined by
(1) snowmelt and subsequent drainage of ponds, (2) expan-
ston of ponds due to lateral melting, and (3) disintegration ol
the ice cover in the aftermath ofa storm (for a more detailed

Early melt
Late meit

Ice thickness (m)

Fig. 5. Probability density function ( pdf) of ice thickness for
entive XM -derived dataset i the early and late melt season
(413 and 390 measurements, respectively ). Measurement time
intervals are: days 154-209 ( Atlanta), 162-215 ( Seatile),
161-247 (main line), 175-239 ( Topal) 154209 ( Tul),
witle each first day corresponding to the “early melt” and each
second day lo the “late melt” curve,
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Fig. 6. (a) Changes in mean EM-derived ice thickness for five
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conliguous dala points at positions throughout the mell season
{ see Fig. 4). Numbers indicate the average daily ablation rates
Sfor thiee major time intervals ( dashed lines ). (6) Changes in
we thickoess at single ganges during the same time period
{ gauge numbers aie in parentheses ).

discussion of the temporal ice cvolution during the melt
season see Eicken and others, in press). The thinning rates
at Seattle are higher most likely because measurements have
been carried out along a scries of profiles perpendicular to
the adjacent lead, with the heat flux from the water to the

bottom of the ice significantly enhanced by solar heating of

the lead at this site. However, there was no steady gradient
in ablation rate discernible perpendicular to the lead.

The scasonal evolution of ice ablation, at least as far as it
15 evident from this limited number of measurements, is
summarized in Figure 6. At most sites, melt accelerated into
the latter partof the ablation season. T'his could be the result
of enhanced turbulent transfer of heat stored in leads and
melt ponds to the ice bottom in the aftermaths of increased
synoptic meteorological activity and  break-up of the
SHEBA icc floe (Richter-Menge and Perovich, 2001; Eicken
and others, In press

). In gencral, however, the agreement

between indirect, EM thickness measurement and those of

a selecton of gauges at the same sites correspond quite well
as shown in Figurce 6h.

A striking feature evident in Figure 6a is the close corres-
pondence i overall ice thickness and ablation rates between
the three profiles located in mostly undeformed multi-year
ice at the main camp (topography profile 1), Atlanta and Tuk
{100, 220 and 900 m long, respecuively; no significant differ-
ences at the p = 0.95 level for all datasets). This good agrece-
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Fig. 7. Surface elevation (a ), measured at 0.5—1m intervals,
and ice-thickness profile (b), measured at 2.5m intervals,
along topography prafile 1. Note that ice-thickness axis has
been reversed so as to roughly mateh floe bottom topography.

ment suggests that for undeformed second- or multi-year sea
ice, the EM thickness (or ablation) data arc representative
samples of the respective ice-thickness class. Given that the
different profiles arc spaced up to several km apart, l.e. at a
separation ensuring statistically independent samples based
on typical autocorrelation lengths for Arctic sea ice, this is
actually quite encouraging, in particular with respect to
parameterization and modelling of level-ice ablation.

6. ABLATION MEASUREMENTS ALONG A PROFILE
OF UNDEFORMED, POND-COVERED SEA ICE

As pointed out above, EM techniques are puarticularly
suited for mass-balance measurements because they are
non-invasive and allow for acquisition of data points along
profiles. These strengths arc important for measurements in
summer sea ice covered with melt ponds, as the latter have a
pronounced cffect on che local mass balance and may
furthermorc be adverscly impacted by dircet thickness
measurcments, prone to enhance pond drainage. At the
SHEBA site, the thickness evolution of a section of
undeformed, ponded multi-year icc {topography profile 1,
100 m long) was monitored during the course of the melt
season, with average ice thickness decrcasing from 169 to
0.8l m (Fig. 7; Table 1). In agreement with the general trend,
deepening ol ponds (Fig. 7a), and to a lesser extent enhanced
bottom melt underncath ponds, contributes substantially to
an overall increase in the roughness of undeformed ice
during the summer. This is exemplified by an incrcase in
the standard deviation of ice thickness along the profile by
one-third during the summer (Table 1). At the lower ice sur-
[ace, the spatial resolution of EM measurements does not
allow quantitative conclusions about small-scale roughness,
but roughening of the upper surface is clearly expressed



with a 2.5-fold increase in standard deviation .. of ice sur-
face elevation from 0.08 to 020 m along the Topol profilc
(Fig. 7a; even il only the bare-ice and pond-water surface
are taken into account, o still increases by almost a third).

The EM thickness measurements along the profile are
only marginally affected by the pond fresh-water layer.
Through day 201, pond salinities did not exceed 0.3%o, with
average pond depths of 0.08-0.26 m. Infiltration of brine
and sea water during the last partof the melt season resulted
in an increase of pond salinity to 0.8=1.1%oat depths of 0.22—
0.36 m (i.e. salinitics significantly lower than the mean pond
salinity which amounted to roughly 7% n early August).
Based on the one-dimensional model results presented in
section 4 (Fig. 3). this would result in an underestimate of
1wce thickness by at most 0.06 m.

The enhanced melt rates of ice beneath melt ponds, both
at the surface and from below, evident also in the profile
shown in Figure 7, have been discussed in the context of en-
hanced absorption of solar shortwave radiation (see Eicken,
1994). Linkages between melt ponds and large-scale depres-
sions in the ice bottom due to this phenomenon have been
considered as prerequisites for the formation of under-ice
melt ponds, characterized by sumimer ice growth at the inter-
face between a fresh-water lens trapped underneath a pond
and overlying cold sea water (Wadhams and Martin, 1990;
Eicken, 1994). The ice underlying the large pond 40-60m
along the profile shown in Figure 7 (and to some extent also
the one at approximatcly 20 m) was alrcady substantially
thinner than the surrounding portions cven before the
removal of a snow cover and the establishment of open melt
ponds. This was also obscrved along the profiles at Atlanta
and Tuk. Evidence from ice coring and field observations
suggests that the position of these ponds in many cases corre-
sponded to the locatons ol ponds in the previous melt
season. Hence, a disproportionately deep snow cover over
former melt ponds, with snow being trapped in the topo-
graphic lows, might in part be responsible for reduced ice-
growth rates due to enhanced thermal insulation from the
atmosphere (Perovich and Elder, 2001). This would explain
the presence of thinner ice under melt ponds at the start of
the melt season and might even be a recurring process
amplified over the course of several summers for older ice
as indicated by SHEBA ice-floe temperature profile data
(Perovich and Elder, 2001). While further investigations arc
required to substantiate this hypothesis, it appcars that EM
measurcments hold considerable promise for the investiga-
tion of such processes.

7. SUMMARY AND CONCLUSIONS

An extensive set of indircct ice-thickness measurements
carried out with an EM device at the SHEBA site during
summer 1998 demonstrated that the EM method is well
suited to the task of obtaining mass-balance data for mostly
undeformed ice <3 m thick. The success of the method 1s in
large part dependent on low sea-ice conductivitics,
determined as <60 mSm™', and low to moderate surface
melt pond conductivities (mostly <100 mSm ). With an
accuracy of approximatcly 0.0>m for a total ablation of
roughly 0.9-1.2 m at the SHEBA site, EM mcasurements are
valuable both for stand-alonc acquisition of mass-balance
datasets {preferably including additional direct ice-thickness
determinations to help constrain  thickness- conductivity
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models) and as a supplementary technique that helps
integrate point-type mass-balance data into a large-scale
context. The good agreement between the individual EM
datasets and their close correspondence to thickness-gauge
data indicate a sufliciently high sampling density for the
SHEBA mass-balance program.

Seasonal variability of EM-derived ablation rates at the
SHEBA site roughly conforms with three stages of the
summer melt scasons, established on the basis of key melt
events (disappearance of snow and drainage of melt ponds:
expansion of ponds due to lateral melting; ice break-up and
disintegration; see Eicken and others, in press, for details).
Ablation rates arc generally higher during the last two stages
of melt, most likely as a result of decreascs in ice albedo and
increases in turbulent heat transfer at both the air/ice and the
tcefwater interface. Since the freeze-up process which extends
well into October {Perovich and others, 1999b) has not been
captured in this study, there is no cvidence of melt decclera-
tion at the close of the season. These temporal patterns are
cvident in individual thickness-gauge records of higher tem-
poral resolution as well.

The EM data also show differences in ablation rates for
ice of dilferent thickness categorics, evident both in the
overall probability density function of the dataset as well as
in individual profiles. In part, these differences are attribu-
ted to temporal differences in the sampling intervals.
Evidence from the entire datasct and {rom individual
gauges suggests that such thickness—ablation dependence is
not as pronounced for level multi-ycar ice, but strongly
alfects ridges and thinner jce. Of particular interest are
repeated thickness and surface elevation measurements
along a profile through undeformed sea 1ce that provide
msight into the development and evolution of melt features
such as melt puddles and bottom depressions. The latter
appear to be associated with surface melt ponds, most likely
as a result of reduced ice-growth rates under a thicker,
thermally insulating snow cover. At the same time, high-
resolution surface topography and overall thickness data
indicate an increase in small-scale ice roughness during the
ablation season, mostly as a result of deepening of ponds.
The non-invasive nature of the EM method and its
reliability in the measurement of undeformed ice of inter-
mediate thickness predestine the technique both for routine
mass-balance measurements and for process studies ol the
evolution of ice-floe top and bottom topography.
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