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Introduction

Table S1 provides detailed information about the tran-

sects across which the multifrequency EM data of this study

were acquired.

Text S2, Figure S3 and Table S4 assess the performance

of the inversion algorithm by describing the methodology

and results of 1) a Marquardt-Levenberg inversion of syn-

thetic data, 2) a model error and resolution analysis and 3)

a most-squares inversions in order to assess how well the free

model parameters are resolved and constrained by the data.

1. Table S1: Summary of transect data

Table S1. Summary of multifrequency EM data collected
across Atka Bay. T corresponds to the transects as indicated
in Figure 1; the date refers to the year 2012; n is the total
number of individual stations for the respective transect; sub-
T refers to the number of sub-transects used for an inversion;
dist is the straight-line distance, and dist true is the true dis-
tance between first and last station.

T Date n sub-T dist (km) dist true (km)
1 26-Nov 6442 3 24.6 25.8
2 16-Dec 6339 2 24.6 25.4
3 20-Dec 3464 2 13.4 13.9
4 20-Dec 4588 2 17.7 18.4
5 20-Dec 3365 2 12.9 13.5
6 21-Dec 2322 1 9.2 9.3
7 21-Dec 2887 1 10.6 11.5
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Villavägen 16, SE-752 36 Uppsala, Sweden

3Earth and Space Sciences, Jacobs University Bremen,
Campus Ring 1, 28759 Bremen, Germany

Copyright 2016 by the American Geophysical Union.
0094-8276/16/$5.00

2. Text S2: Inversion performance

2.1. Synthetic data and ML inversion

To test the performance of the ML algorithm, we in-
verted a set of synthetic data based on the conditions en-
countered in the field. We calculated synthetic data for a
series of 1D models, assuming our standard frequency setup
and instrument-specific parameters, and using Anderson’s
[1979] forward modeling. The considered three-layer models
have the following parameters: sea-ice with a conductivity
of 0.05 S m−1 and thicknesses of 0.5 - 4 m (increments of
0.5 m), platelet layer with a conductivity of 0.05 S m−1 and
thicknesses of 0.5 - 10 m (increments of 0.5 m) and seawa-
ter with a conductivity of 2.7 S m−1. In order to better
represent real data, we added Gaussian noise corresponding
to one standard deviation from a series of EM recordings in
free air to the synthetic data [Hunkeler et al., 2015].

We then inverted different synthetic data subsets, each
comprising of one defined sea-ice thickness (e.g. 0.5 m) and
of increasing platelet-layers thicknesses (0.5 to 10 m, in in-
crements of 0.5 m). Each of those scenarios represents one
1D ML inversion. This procedure was repeated for the range
of sea-ice thicknesses indicated earlier, resulting in a total of
eight scenarios. The starting model used in these scenarios
was 1) a layer with a thickness (conductivity) of 1 m (0.05
S m−1), representing sea ice plus snow; 2) a layer with a
thickness (conductivity) of 2 m (1.15 S m−1), representing
the platelet layer; and 3) a homogeneous half space with
a conductivity of 2.7 S m−1 [Hunkeler et al., 2015], repre-
senting the seawater beneath. To determine the influence of
the starting model, the eight scenarios were repeated four
times with slightly modified starting models, with sea ice
and platelet layer conductivities (in Sm−1) of 1) 0.03 and
1.15, 2) 0.07 and 1.15, 3) 0.05 and 0.90, and 4) 0.05 and
1.40, respectively.

The differences between the inversion results and the syn-
thetic (true) data for the four free parameters and five dif-
ferent starting models are shown in Figure S3, normalized to
the true values. The eight columns of each box correspond
to the eight scenarios outlined above. For most of the inver-
sions, the RMSE was close to 1 (Figures S3 e and k, green
colors). In general, the RMSE was < 1 for thinner platelet
layers, indicating that noise was fitted. For thicker platelet
layers, the RMSE was > 1, indicating that the desired misfit
was not reached.

The calculated sea ice thicknesses and conductivities (Fig-
ures S3 a, c, g and i) generally agreed well with the true
values, with thin sea ice (0.5 m) and thin platelet layers
(0.5 and 1 m) being the exceptions. In these cases, the con-
ductivity and thickness of the sea ice were overestimated.
The platelet layer conductivity (Figures S3 d and j) was
also well reproduced (± 10 %), except for thin platelet layer
thickness (0.5 and 1 m), where the conductivity was over-
estimated. The platelet layer thickness (Figures S3 b and
h) was overestimated for a thin platelet layer (0.5 m), and
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underestimated for a thick platelet layer (> 7 m). But in
between, the platelet layer thickness was resolved within ±
10 %. Since we seldom observed sea ice thicknesses < 0.5 m
and platelet layer thicknesses > 7 m in the field, we consider
the performance of the inversion algorithm to be reliable.
The general dependence of the results on the starting model
was low. Only the the sea ice conductivity depended on the
initial sea ice conductivity of the starting model, most pro-
nounced for sea ice thickness < 2.5 m (upper two panels in
Figure S3 i). Between 3 (3, 3.5, 4 m sea ice) and 54 (0.5 m
sea ice) iterations were necessary to match the target RMSE
of 1 for Figures S3 a - e. For several inversions with a differ-
ent starting model (Figures S3 g - k), the maximum number
of iterations was needed.

2.2. Most-squares inversion

For the assessment of how well our free model parameters
are resolved and constrained by the data, we performed 1)
a model error and resolution analysis and 2) most-squares
inversions, similarly to Hunkeler et al. [2016].

We have applied first the model error and resolution anal-
ysis to ML models from synthetic data (Figure S3 a-e) for
frequently occurring sea ice and platelet layer thicknesses
as indicated in Figure 2d. This calculation is based on the
truncated singular value decomposition (TSVD) of the sen-
sitivity matrix [Kalscheuer and Pedersen, 2007; Kalscheuer
et al., 2015]. Since the effective number of model parame-
ters is four (conductivities and thicknesses of the upper two
layers, i.e. of the sea ice and platelet layer), a truncation
level of four was used in the analyses of these models.

To validate the linearized error estimates obtained from
TSVD analyses, we computed error estimates for the final
inversion models using most-squares inversion [e.g. Meju
and Hutton, 1992; Meju, 1994; Kalscheuer and Pedersen,
2007; Kalscheuer et al., 2015], partly accounting for the
non-linearity of the inversion problem. Owing to the log-
arithmic transformation of model parameters during inver-
sion, the most-squares uncertainties 1/f−

MSQ and f+
MSQ cor-

respond to parameter ranges σ/f−
MSQ, . . . , f

+
MSQ · σ and

t/f−
MSQ, . . . , f

+
MSQ ·t of layer conductivities and thicknesses,

respectively.
The results of our TSVD error and resolution analyses

suggest that due to the limited number of model parame-
ters, all four layer parameters are perfectly resolved. Hence,
in assessing how well the layer parameters are constrained,
only the model parameter uncertainties obtained from the
most-squares inversions need to be further considered.

In Table S4, we present the model uncertainties of six
of the 3-layer ML inversion models (cf. Figure 2d, yel-
low squares). In accordance with our expectation that the
thickness of a resistive layer is typically better constrained
by inductive EM methods than its conductivity [e.g. Pfaf-
fling and Reid , 2009], the thicknesses ts of the sea ice layer
are more tightly constrained than the sea ice conductivi-
ties σs (1/f−

MSQ ≥ 0.97 and f+
MSQ ≤ 1.04 for ts com-

pared to 1/f−
MSQ ≥ 0.86 and f+

MSQ ≤ 1.21 for σs). For
the sea ice thicknesses considered here, the uncertainty of
the thickness tp of the platelet layer increases systemat-
ically with increasing combined thickness of the sea ice
and platelet layers (1/f−

MSQ = 0.94 and f+
MSQ = 1.19 for

ts + tp = 2 m compared to 1/f−
MSQ = 0.83 and f+

MSQ = 1.58
for ts + tp = 11.5 m). This suggests that, for the larger com-
bined thicknesses, the EM data provide only limited con-
straints for the deeper part of the platelet layer. The un-
certainty of the conductivity σp of the platelet layer varies
with the thickness of the overlying sea-ice (1/f−

MSQ ≥ 0.91

and f+
MSQ ≤ 1.06, 1/f−

MSQ ≥ 0.95 and f+
MSQ ≤ 1.06 and

1/f−
MSQ = 0.90 and f+

MSQ = 1.12 for ts = 1m, 2.5 m and
4 m, respectively). That σp appears to be more tightly con-
strained for ts = 2.5m may mean that ts = 2.5m matches
more favorably to the depth of investigation range of the
instrument than the other values of ts analyzed.
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3. Figure S3: Inversion of synthetic data
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Figure S3. Normalized differences between synthetic (true) model and ML inversion results for various combinations of
sea-ice (0.5-4 m) and platelet-layer (0.5-10 m) thicknesses, and with different starting models. True sea ice, platelet layer
and seawater conductivities were 0.05 S m−1, 1.15 S m−1 and 2.7 S m−1, respectively. Normalized differences of a) sea ice
thickness, b) platelet layer thickness, c) sea ice conductivity, d) platelet layer conductivity, and e) RMSE. Inversions were
performed with a starting model according to f). Green colors indicate a very good agreement between modeled and true
thickness/conductivity, while red and blue colors represent over- and underestimations of the inversion results compared
to the true model, respectively. g-k) Corresponding results for four other starting models, which are indicated in l).
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4. Table S4: Error estimates

Table S4. Error estimates for conductivities σ and thicknesses t of the sea ice (subscript s) and platelet (subscript p) layers of

some of the 3-layer Marquardt-Levenberg models in Figure 2. Error estimates 1/f−MSQ and f+MSQ were computed using most-squares

inversions involving truncated singular value decomposition with a truncation level p = 4, the effective number of model parameters.
Error estimates were calculated for most frequent sea-ice and platelet-layer thicknesses, marked in Figure 3d.

Parameter 1/f−MSQ f+MSQ 1/f−MSQ f+MSQ

1 m sea ice + 1 m platelet layer 1 m sea ice + 3 m platelet layer
σs 0.92 1.04 0.91 1.02
σp 0.91 1.06 0.99 1.01
ts 0.97 1.04 0.99 1.01
tp 0.94 1.19 0.96 1.09

2.5 m sea ice + 4.5 m platelet layer 2.5 m sea ice + 5.5 m platelet layer
σs 0.88 1.17 0.86 1.21
σp 0.95 1.06 0.95 1.05
ts 0.97 1.03 0.97 1.03
tp 0.89 1.16 0.84 1.32

2.5 m sea ice + 9 m platelet layer 4 m sea ice + 5.5 m platelet layer
σs 0.86 1.21 0.96 1.05
σp 0.95 1.05 0.90 1.12
ts 0.97 1.03 0.97 1.03
tp 0.83 1.58 0.80 1.31
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