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Abstract. Sea-ice ridges constitute a large fraction of the to-
tal Arctic sea-ice area (up to 40 %–50 %); nevertheless, they
are the least studied part of the ice pack. Here we investigate
sea-ice melt rates using rare, repeated underwater multibeam
sonar surveys that cover a period of 1 month during the ad-
vanced stage of sea-ice melt. Bottom melt increases with ice
draft for first- and second-year level ice and a first-year ice
ridge, with an average of 0.46, 0.55, and 0.95 m of total snow
and ice melt in the observation period, respectively. On av-
erage, the studied ridge had a 4.6 m keel bottom draft, was
42 m wide, and had 4 % macroporosity. While bottom melt
rates of ridge keel were 3.8 times higher than first-year level
ice, surface melt rates were almost identical but responsible
for 40 % of ridge draft decrease. Average cross-sectional keel
melt ranged from 0.2 to 2.6 m, with a maximum point ice loss
of 6 m, showcasing its large spatial variability. We attribute
57 % of the ridge total (surface and bottom) melt variabil-
ity to keel draft (36 %), slope (32 %), and width (27 %), with
higher melt for ridges with a larger draft, a steeper slope,
and a smaller width. The melt rate of the ridge keel flanks
was proportional to the draft, with increased keel melt within
10 m of its bottom corners and the melt rates between these
corners comparable to the melt rates of level ice.

1 Introduction

According to the definition by the World Meteorological
Organization, an ice ridge is a line or wall of broken ice
that is forced up by pressure (WMO, 2014). Ridges con-
sist of a sail above and a keel below the water level. The
keel initially consists of randomly packed ice blocks sepa-
rated by water-filled voids, described by the ridge macrop-
orosity (fraction of water-filled voids in the keel). The initial
macroporosity of first-year ice ridges is in the range of 20 %–
45 % (Bowen and Topham, 1996), with an average porosity
of 30 % (Timco and Burden, 1997). The upper part of ridge
keels usually refreezes, forming a consolidated layer defined
by zero macroporosity. Some ridges become fully consoli-
dated (with near-zero keel macroporosity) during the melt
season (Marchenko, 2022). The measurements collected in
the Arctic Ocean during the Multidisciplinary drifting Ob-
servatory for the Study of the Arctic Climate (MOSAiC) ex-
pedition (Nicolaus et al., 2022) showed that complete con-
solidation of ridges may occur during the spring season be-
fore the melt onset through the transfer of snow into ridge
keels via open leads (Salganik et al., 2023a) or ice deforma-
tion, which was supported by 6 %–11 % estimates of snow
mass fraction within several ridges (Lange et al., 2023). Ice
ridges are key features in climate studies since they consti-
tute around 30 % of the total Arctic sea-ice volume based
on ice–ocean coupled modelling (Rothrock, 2005). Mårtens-

Published by Copernicus Publications on behalf of the European Geosciences Union.



4874 E. Salganik et al.: Preferential melt of Arctic sea-ice ridges

son et al. (2012) used a multicategory sea-ice model to es-
timate the Arctic sea-ice ridge volume of 45 %–60 % and
ridge area of 25 %–45 %. Melling and Riedel (1996) ob-
served an increase in ridge areal fraction from 15 % in au-
tumn to 40 %–50 % in spring based on subsea sonar ice draft
measurements in the Beaufort Sea in 1991–1992. However,
the proportion of ridges varies depending on the region and
how they are defined. Fram Strait serves as the main out-
let of the Arctic sea-ice export (Krumpen et al., 2016), and
for that region, Hansen et al. (2014) estimated the fraction
of deformed ice to be 37± 8 %, using an evolving thresh-
old relative to the modal thickness derived from draft mea-
surements by moored upward-looking sonars during 1990–
2011. In those observations, the ridge fraction increased in
1990–2008 and decreased thereafter, which was confirmed
by Sumata et al. (2023) using extended data from the same
upward-looking sonars in Fram Strait for 1990–2020. Fur-
thermore, ridges have also been identified as potential bio-
logical hotspots (Gradinger et al., 2010; Fernández-Méndez
et al., 2018) and as influencing the light conditions beneath
the ice (Katlein et al., 2021).

Sea-ice ridges can be formed from new, young, first-year,
second-year, or multiyear level ice, or from a combination of
ice types. Typically, ridges are made from relatively thin ice
(Tucker et al., 1984), which breaks as the weakest points dur-
ing deformation events. Ridges themselves can also be first
year, second year, or multiyear, depending on how many sea-
sons they have survived. The maximum keel draft is limited
by the ice strength and is correlated with the adjacent level
ice draft (Amundrud et al., 2004). Once the keel has reached
its maximum possible draft, it thereafter only grows in width
(Hopkins, 1998).

Previous research has suggested that ridges impact the
melt rates of the ice. For instance, Rigby and Hanson (1976)
showed enhanced bottom melt of a ridge keel in comparison
with thinner ice, although mechanical erosion could not be
ruled out for this large ridge with a maximum total thick-
ness of 10–12 m. During the SHEBA expedition in the Beau-
fort and Chukchi seas, Perovich et al. (2003) used data from
single-point measurements from hot-wire thickness gauges
and measured 60 % higher bottom melt for second-year and
multiyear ice ridges (42 gauges) than for multiyear level ice
(89 gauges) during the entire melt season from early June to
early October 1998. Meanwhile, Skyllingstad et al. (2003)
measured enhanced vertical mixing and a five-fold increase
in ocean heat flux (OHF) for a 10 m-deep ridge during the
winter season at SHEBA expedition using high-frequency
measurements of seawater temperature, salinity, and veloc-
ity. The same effect is also likely in summer, but this does
not take into account the shallow meltwater stratification that
develops in summer and affects ice melt rates (Salganik et
al., 2023d). Amundrud et al. (2006) estimated that ridge keels
melt four to five times faster than level ice based on the obser-
vations from ice-profiling sonars mounted on subsea moor-
ings in the Beaufort Sea (however, their data do not repeat-

edly measure the same ice due to sideway ice drift). Further-
more, Shestov et al. (2018) observed ridge melt in summer
during the N-ICE2015 expedition (Granskog et al., 2018)
in the pack ice north of Svalbard (Norway) using single-
point measurements from a temperature buoy. Here, the av-
erage OHF under level ice was 63 W m−2 (Peterson et al.,
2017), while the ridge keel melted by 1.5 m over 2 weeks,
which translates into an equivalent OHF of 300 W m−2 (with
macroporosity of 27 % taken into account) and is 4.8 times
higher than for level ice (Shestov et al., 2018). Based on the
thermodynamic model developed by Amundrud et al. (2006),
several parameters, such as keel width and shape, may impact
keel melt, with ridge macroporosity and block thickness be-
ing key factors. In summary, the observed ratio of ridge and
level ice accumulated melt in previous studies ranged from
60 % to 400 % even for similar geographical locations, sug-
gesting the need for a more detailed investigation of the spa-
tial and temporal variability of melting of different ice types.

The first direct measurements of under-ice topography
were linear profiles from narrow-beam upward-looking sonar
(Lyon, 1961). Wadhams et al. (2006) and Wadhams and
Doble (2008) were the first to use an autonomous underwa-
ter vehicle instrumented with a multibeam sonar to study the
three-dimensional bottom topography of Arctic sea ice. Us-
ing multibeam mapping by a submarine, Wadhams and To-
berg (2012) found a mean slope of first-year and multiyear
ridge keels of 28◦ and 25◦, respectively, assuming a triangu-
lar shape. Ekeberg et al. (2015) analysed the shape of ridge
keels using data from upward-looking sonar in Fram Strait
and suggested that ridge keels typically have a trapezoidal
shape, with the keel bottom width accounting for an average
of 17 % of the keel total width.

Although ridges play an important role in the evolution of
the Arctic ice pack, they are understudied compared with the
level ice that is usually sampled. The aforementioned stud-
ies are also typically limited to a one-time snapshot and a
few point measurements. In this study, we use novel repeated
multibeam ice draft measurements that follow the temporal
and spatial evolution of a first-year sea-ice ridge and adjacent
level ice during summer melt collected in the Arctic Ocean
during the MOSAiC expedition in 2020. Over a period of
1 month, we observed ice draft changes and melt rates for
first- and second-year level ice and a first-year ice ridge. Ad-
ditionally, we identified key characteristics of the ice bottom
topography that affected the melt rates.

In the first two sections of this study, we provide estimates
of the total melt for level ice and ridge. In the third section,
we analyse the effect of ridge cross-sectional characteristics
on its melt. In the fourth section, we provide estimates of
surface and bottom melt for level ice and ridge. In the fifth
and sixth sections, we discuss how meltwater drainage and
sea-ice density temporal evolution affect the sea-ice draft. In
the seventh and eighth sections, we compare our estimates
of the ridge enhanced melt with previous observations and
discuss the limitations of this study. The use of underwater
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multibeam sonar allows collection of over 105 measurements
of sea-ice draft and over 104 ridge draft measurements ev-
ery week. In comparison with point measurements from tem-
perature buoys (Shestov et al., 2018), ice coring, and thick-
ness gauges (Perovich et al., 2003), remotely operated vehi-
cle (ROV) sonar measurements increase the number of draft
data points by three orders of magnitude, revealing the small-
scale spatial variability of sea-ice melt in unprecedented de-
tail. In comparison with moored subsea sonar ice draft mea-
surements (Amundrud et al., 2006), repeated ROV surveys
allowed us to study the same sea ice repeatedly for a longer
period with high spatial resolution and reduced uncertainty
in measured melt rates.

2 Materials and methods

2.1 Expedition

The MOSAiC expedition took place in 2019–2020 to bet-
ter understand the coupled Arctic ice, ocean, and atmosphere
system, as well as the sea-ice mass and energy budget over
a full season, and included a range of snow and sea-ice mea-
surements (Nicolaus et al., 2022). The MOSAiC Central Ob-
servatory, an approximately 3 by 4 km large ice floe, drifted
for 10 months across the central Arctic starting from 4 Oc-
tober 2019, following the Transpolar Drift, until it reached
the ice edge in Fram Strait and broke apart on 31 July 2020
(Fig. 1b). The OHF estimate from ice mass balance buoys
(IMBs) increased from 11 to 40 W m−2 during July 2020
(Salganik et al., 2023d), with an average value of 24 W m−2,
comparable to the summer OHF estimates of 20–30 W m−2

for Beaufort Gyre and Transpolar Drift in 1979–2002 (Kr-
ishfield, 2005). The OHF increase took place in mid-July, the
period with the highest annual solar insolation and with a re-
duction in sea-ice concentration from 100 % to 85 % within
a 3 km radius of the Central Observatory (Krumpen et al.,
2021). Combined, this led to a higher solar heat input and,
hence, warming of the mixed layer (Fig. 1d). Despite the floe
also drifting further south towards Fram Strait and getting
closer to shallower and warmer Atlantic Water at the same
time, the mixed layer and upper ocean conditions still re-
tained their Arctic characteristics. This is evident through the
observation of remarkably low heat fluxes over the halocline
(−0.01± 0.30 W m−2) and thermocline (+2.1± 1.2 W m−2)
in Fram Strait during melt season (Schulz et al., 2023a). This
shows that the conditions are representative of the seasonally
driven OHF typical for the central Arctic and are not driven
by excessive OHF in the marginal ice zone or from Atlantic
Water, as observed by, for example, Shestov et al. (2018).

Due to logistical reasons, the ridge investigations during
MOSAiC were performed at several sites. During January–
February and June–July 2020, Alli’s ridge was studied using
ice coring and IMBs, while in June–July 2020, Jaridge was
studied using underwater sonar surveys, ice coring, and IMB.

The measurements of Alli’s ridge draft included only four ice
coring sites visited before and during melt season (Salganik
et al., 2023a) and will be used only as a reference for the
Jaridge investigations presented here.

2.2 Ridge drilling

In this study, we focus primarily on the evolution of a
ridge called “Jaridge”. Jaridge was formed between 4 and
12 February 2020, based on the visual inspection of sea-
ice surface elevation models from an airborne laser scanner
(Jutila et al., 2023). The ice blocks forming the ridge were
0.2–0.4 m thick (Fig. 1c), the average sail height was 0.5 m,
and the average draft was 3.8 m. It was formed between
level first-year ice and level second-year ice. We investigated
ridge morphology using a 2-inch-diameter ice auger (Ko-
vacs Enterprise, Oregon, USA) and thickness tape to mea-
sure the snow or ice interface position. Ice drilling was orga-
nized along seven drilling transects perpendicular to the ridge
crest orientation (Fig. 2a). Each transect contained three to
seven drilling locations with measurements of ice draft, free-
board, depth of ridge voids, and snow thickness at a horizon-
tal spacing of 2.5 or 5 m (Fig. 2b). The ridge was measured
seven times, between 25 June and 29 July, with a total of 47
drill holes during the summer melt season when located over
the Yermak Plateau and Fram Strait (79.4–82.1◦ N, 2.8◦W–
10.2◦ E; Fig. 1b). Jaridge covered 12 % of the area of sonar
surveys, which included four classified ice types (Fig. 2c).
Another shallower ridge, “Porridge”, was also located within
the survey area but only mapped with the multibeam sonar.
The area at the top right quarter of sonar surveys was heavily
covered with false bottoms during 7–29 July (Salganik et al.,
2023d) and was therefore excluded from our analysis.

To study the temporal evolution of the ridge interfaces,
we used temperature measurements from IMB 2020M26
(Bruncin d.o.o., Zagreb, Croatia). The IMB consisted of a
5 m-long thermistor chain with a sensor spacing of 2 cm and
provided temperature readings every 6 h with an accuracy
of 0.1 ◦C and daily heating-induced temperature difference
measurements after a cycle of internal heating, allowing us
to identify the location of snow–ice and ice–water interfaces
with high precision (Jackson et al., 2013). The IMB was in-
stalled on 26 June 2020 at the ridge drilling line 1 (Fig. 2b).
At the IMB site upon deployment, the consolidated layer
thickness was 1.9 m, the keel draft was 4.0 m, and the snow
depth was 0.6 m. Temperature, salinity, and isotope composi-
tions from Jaridge coring are presented in Lange et al. (2023),
with a ridge bulk salinity of 1.8–2.8 and a snow mass fraction
of 6 %–11 %.

2.3 Underwater multibeam sonar

We use a multibeam sonar (DT101, Imagenex, BC, Canada)
mounted on a remotely operated vehicle (ROV; M500, Ocean
Modules, Åtvidaberg, Sweden; after Katlein et al., 2017) to
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Figure 1. Panel (a) shows ice bottom temperature for first-year ice (FYI), second-year ice (SYI), and ridge from coring. Panel (b) shows an
overview map of the study area with drift of the MOSAiC ice floe for ROV multibeam sonar observations from 24 June to 28 July 2020.
Panel (c) shows surface photography with the investigated ice ridge internal sail structure on 4 July 2020. Panel (d) shows water temperature
and water freezing temperature from microstructure profiles (MSS) at 5 m depth. Panel (e) shows the structure of a sea-ice ridge. Displayed
bathymetric data in (b) are from ETOPO2 (National Geophysical Data Center, 2006), and displayed ice edges in (b) are derived from the
AMSR-2 sea-ice concentration (SIC) product for thresholds of 15 % and 80 % on 28 July 2020 (Spreen et al., 2008).

Figure 2. Panel (a) shows a cross-section of ice draft in late June and late July 2020 along drilling line 2. The blue and red vertical lines are
drill holes: the solid lines are ice, the line breaks are voids, and the dotted lines are ROV sonar draft measurements. Corners P1−4 represent
trapezoidal ridge shape. Panel (b) shows the locations of ridge drillings, ice mass balance buoy (IMB), and keel width boundaries P1 and P4
of Jaridge on an optical helicopter-borne aerial image from 7 July from Neckel et al. (2023). Panel (c) shows the ice bottom topography on
1 July 2020, measured by remotely operated vehicle (ROV) multibeam sonar, showing the locations of first-year ice (FYI), second-year ice
(SYI), Jaridge and Porridge, and the location of (b) inside the white dotted-line box. The polar histogram in (c) shows the frequency of ice
drift direction in relation to the displayed ice floe orientation, with prevailing drift in the western direction.

measure ice draft in an area of approximately 350 by 200 m,
with 0.05 m vertical accuracy and 0.5 m horizontal resolu-
tion. The surveys were done in a grid pattern with a distance
between lines of 20–25 m. The sonar had 480 beams with an
across track swath width of 120◦ (64 m width for level ice),
an along track swath width of 3◦, an effective beam width
of 0.75◦, and an angular resolution of 0.25◦. Seven surveys

at a depth of 20 m were performed during the melt season
(24 June to 28 July), close to the floe edge of the MOSAiC
Central Observatory (Nicolaus et al., 2022), covering an area
with undeformed ice and several ice ridges, including the
Jaridge (Fig. 1b). In our analysis, we mostly use the first six
sonar surveys, as ice deformations decreased the co-location
accuracy of sea-ice ridges for the previous survey.
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2.4 Ridge morphology analysis

To quantify how ridge characteristics affect melt rates, we
divided our ridge draft multibeam observations into 131 in-
dividual cross-sections that were nearly parallel to the di-
rection of ice drift during June–July. The distance between
neighbouring cross-sections was 0.5 m. We determined the
following characteristics for each cross-section: keel bottom
width, draft, slope, and distance from the keel front. To quan-
tify these parameters with a single value, we simplified each
cross-section to a trapezoidal shape, following Ekeberg et
al. (2015). Four points of these trapezoids (P1–P4 in Fig. 2a)
coincide with the largest transition of the smoothed incli-
nation of ridge cross-sections, separating each cross-section
into an upstream flank, keel bottom, and downstream flank
(locations of P1 and P4 are shown in Fig. 2b). The upstream
flank was facing the ice drift direction, while the downstream
flank was on the leeside of the prevailing ocean current rel-
ative to the ice (Fig. 2c). The keel bottom width is equal to
the horizontal projection of the keel bottom (P2–P3), while
the keel draft is equal to the average draft of the keel bottom.
The keel slope is defined as the angle between the upstream
flank and the waterline. A tangent straight line “touching” the
initial position of all P2 points of cross-sections (upstream
bottom corners) on 24 June is the keel front (Fig. 4c). The
distance from P2 of each cross-section to the keel front was
identified as one of the factors for studying ridge melt rates.

2.5 Relationship between sea-ice draft and thickness

This study focuses on the measurements of sea-ice draft,
while the draft evolution may provide only an estimate of
sea-ice melt as it involves several complex processes affect-
ing the parameters required for such conversion. Under the
assumption of hydrostatic equilibrium, the sea-ice draft de-
crease equals the thickness of surface and bottom melt mul-
tiplied by snow and sea-ice density, respectively, and divided
by water density (Fons et al., 2023). For various remote sens-
ing measurements, including satellite altimetry (Landy et al.,
2022) and upward-looking sonars (Sumata et al., 2023), the
sea-ice density is assumed to be constant, although consider-
ing sea-ice density seasonal evolution may improve the ac-
curacy of satellite ice thickness retrievals (Fons et al., 2023).
In Sects. 3.1–3.4, we compare raw measurements of draft
change and estimates of sea-ice melt under the assumption
of a constant draft-to-thickness ratio of 0.9.

We used the ridge drilling described in Sect. 2.1 to study
the relationship between ridge draft, freeboard, snow thick-
ness, and macroporosity. Additionally, we performed sea-ice
density measurements from cores extracted from Jaridge as
well as from the other ridge within the MOSAiC floe. To
study the evolution of level ice draft, thickness, and interface
evolution, we used data from the first-year ice (FYI) coring
site located 70 m away from the ridge surveys (Fig. 2c), fur-
ther detailed in Salganik et al. (2023d). These observations

included a combination of IMB temperature measurements
and sea-ice coring conducted on a weekly basis, with mea-
surements of FYI temperature, salinity, and density, as well
as snow and ice thickness and draft from 20–30 sea-ice cores
per week. In Sects. 3.5–3.6, we present our measurements
of sea-ice density and draft-to-thickness ratio evolution and
show how these measurements can refine the estimates of
sea-ice melt for different ice types. In our sea-ice density esti-
mates, the gas fraction was calculated from laboratory hydro-
static measurements of sea-ice density with an error below
2 % (Pustogvar and Kulyakhtin, 2016), while brine volume
was calculated from in situ temperature and salinity measure-
ments (Cox and Weeks, 1983).

3 Results and discussion

3.1 Level ice melt

In this study, we focus on the observed difference in sea-
ice draft between the sonar surveys from 24 June to 21 July
due to the large spatial variability in melt rates. During this
period, an area of undeformed FYI (Fig. 2c) with an initial
draft of 1.4± 0.2 m experienced a 0.42± 0.26 m decrease in
draft, while an area of undeformed SYI with an initial draft
of 2.6± 0.7 m decreased by 0.50± 0.31 m (20 % more than
FYI). A shallow ridge (“Porridge”) with an initial draft of
2.3± 0.8 m (similar to SYI) experienced a 0.54± 0.61 m de-
crease in draft. FYI draft decrease had a positive correlation
with its initial draft, with a regression slope of 0.47. Such a
relationship may be related to the strong vertical stratifica-
tion of the ocean mixed layer observed in July (Fer et al.,
2022). Skyllingstad et al. (2003) suggested that fresh water
insulates sea ice if turbulent mixing is weak, while thicker
ice and ridges are efficient at forcing turbulence in the fresh
layer. This agrees with our measurements of FYI, SYI, and
ridge bottom temperatures (Fig. 1a), where thinner ice was
more strongly affected by meltwater for a longer time, which
led to a lower OHF.

3.2 Ridge morphology and keel melt

Repeated ridge drilling showed that Jaridge keel melt was
very variable (Fig. A1). The average melt along ridge drilling
lines 1–3 (Fig. 2b) was 1.7 m, while ridge flanks melted up to
4.5 m. For the ROV sonar surveys, the average draft change
of the ridge area was 0.9± 1.0 m with an average initial draft
of 3.9± 1.1 m (Fig. 3a). The maximum ridge draft decreased
from 8.2 to 7.0 m, while the largest observed ridge draft re-
duction was 5.6 m (not including areas with mechanical ero-
sion). The average keel slope was 14–15◦ for both flanks, half
of that reported by Wadhams and Toberg (2012), possibly be-
cause of the larger 5 m minimum ridge draft threshold used in
their study. The average initial fraction of keel bottom width
(P2–P3 in Fig. 2a) to keel width (P1–P4) was 38 %, twice as
large as the 17 % estimated by Ekeberg et al. (2015), possi-
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bly related to the larger maximum cross-sectional keel bot-
tom draft (7.2 m in comparison with our 5.3 m) and 5 m keel
draft threshold. The co-location of ridge draft measurements
from drilling and sonar showed good agreement between the
two draft measurement techniques (R2

= 0.8; Fig. A1). Ac-
cording to the individual observations of ice draft evolution
from multibeam sonar, the melt of ridge flanks stronger (1.7
times larger regression slope) depended on the ice draft in
comparison with the melt of the keel bottom (Fig. 3b). The
average melt at the same depth was higher for flanks than for
keel bottom. For example, for an ice draft larger than 4 m,
the average draft change for the upstream flank, keel bottom,
and downstream flank was 1.3, 1.0, and 1.4 m, respectively.
Figure 3b can be used to predict the ridge melt relative to
level ice melt, depending only on the ridge draft and a frac-
tion of the keel bottom width. On average, ridge flanks and
keel bottom were melting 1.7 and 2.0 times faster than FYI
at the coring site. A higher average melt rate for the keel bot-
tom was related to a higher average initial draft for the keel
bottom (4.4 m) than for the flanks (3.1 m).

3.3 Ridge cross-sectional melt

Based on the results of multiple linear regression analysis,
keel draft, slope, bottom width, and distance to the keel front
(Fig. 4c) are responsible for 57 % (coefficient of determina-
tion R2) of ridge melt variability, with 37 % positive correla-
tion with keel draft, 32 % positive correlation with keel slope,
27 % negative correlation with keel bottom width, and 11 %
negative correlation with distance from the keel front. The
roughness of the ridge keel, characterized by its draft stan-
dard deviation, did not have a significant effect on the ridge
melt. The large correlation of ridge melt with its draft may
be explained by a combination of both higher ice melt and
lower keel width for larger drafts. Based on ridge drilling ob-
servations from this study and from another examined ridge
during MOSAiC (Salganik et al., 2023a), the flanks of ridge
keels are usually less consolidated, which may be coupled
with higher ocean turbulence at the ridge flanks in compari-
son with the keel bottom.

The keel bottom width ranged from 1 to 35 m with an av-
erage of 13± 9 m, and the highest melt was observed around
the ridge left and right bottom corners (P2 and P3) within a
diameter of 10 m (Fig. 4a). For wide profiles, it was possi-
ble to distinguish keel melt around two bottom corners and
in the keel bottom between them. While areas within 10 m
around the upstream bottom corner (P2) melted on average
by 1.2 m, the keel bottom outside 10 m surroundings around
both corners (P2 and P3) melted by 0.5 m (similar to level
ice melt rates despite a much larger ice draft). We also found
that all ridge cross-sections that had both narrow keel bot-
tom width and low keel melt were located within two areas
(Fig. 4c) and were characterized by a large distance from the
keel front. (Their upstream flanks were shifted towards the
ridge interior.) Exclusion of profiles from these two areas

would increase the correlation (R2) between keel melt and
keel bottom width from 27 % to 57 % alone (Fig. 4b). We
suggest that these areas were protected by the keel front from
the turbulent fluxes, which appear to occur in the vicinity of
the ridge bottom corners (P2 and P3 in Fig. 2a). The ridge at
y = 148–160 m was not trapezoidal and consisted of separate
blocks with patchy draft evolution. This area with mechan-
ical erosion was not included in the correlation analysis but
was included in the further comparison of level ice and ridge
melt. The mean draft decrease for this area was 1.0± 2.1 m,
10 % higher than for the rest of the ridge. The draft decrease
of other ridge parts was gradual, and they were fully consol-
idated, suggesting little mechanical erosion. The strong neg-
ative correlation between keel melt and keel bottom width
may be explained by the stronger ridge consolidation at its
interior parts (Salganik et al., 2023a; Shestov et al., 2018),
as well as by the smaller fraction of the keel affected by the
enhanced turbulence around the keel bottom corners P2 and
P3.

3.4 Total, surface, and bottom ice melt

In the previous sections, we analysed the draft evolution of
several sea-ice types. In addition, it is important to separate
surface and bottom melt to study the thermodynamic cou-
pling of sea ice, ocean, and atmosphere. In this section, we
assume a constant ratio of sea-ice draft and thickness of 0.9,
characteristic of unchanging sea-ice density. From 22 June
to 20 July, unponded level ice at the FYI coring site expe-
rienced 0.08 m snow melt, 0.18 m surface melt, and 0.14 m
bottom melt, with nearly identical draft change (0.34 m) and
total melt (0.32 m). At the same time, sonar measurements
gave a larger FYI draft change (0.41 m) and hence provided
a substantially larger estimate of FYI bottom melt (0.25 m)
under the assumption of the same snow and ice surface melt
as for the FYI coring site. The reason for such a difference is
discussed in Sect. 3.6.

During the same period, the average snow depth (for
each drilling survey) above Jaridge decreased from 0.50 to
0.12 m. Temperature and heating-induced temperature differ-
ence measurements from IMB indicate a surface ridge melt
of 0.24 m. Macfarlane et al. (2023) present an average snow
density of 420 kg m−3 in June and July. Assuming 0.24 m of
surface melt and 0.38 m of snowmelt for the whole ridge, us-
ing sonar measurements, we can estimate the average ridge
bottom melt as 0.55 m, or 60 % of the mean ridge total melt
of 0.93 m. This may explain why only 57 % of the ridge to-
tal melt was related to characteristics of the keel topogra-
phy. The surface melt of level FYI and the ridge was similar,
whereas the ridge bottom melt estimates were 2.2–3.9 times
larger than for level FYI.

The average ridge macroporosity measured by drilling in
June–July was 4 %± 7 % for all 47 drilling sites (Fig. A1).
Bottom ridge brine volume (5 %–7 %) was lower than for
FYI due to lower ridge temperatures (Fig. 1a). This shows

The Cryosphere, 17, 4873–4887, 2023 https://doi.org/10.5194/tc-17-4873-2023



E. Salganik et al.: Preferential melt of Arctic sea-ice ridges 4879

Figure 3. Panel (a) shows the evolution of the average sea-ice draft measured by an ROV multibeam sonar for first-year ice (FYI), second-
year ice (SYI), as well as Porridge and Jaridge during June–July 2020. Panel (b) shows the draft change for single-point sonar measurements
of ridge upstream and downstream flanks and keel bottom, corresponding linear regression with solid lines, and average draft change for FYI
coring site. Panel (c) shows accumulated ice melt for ridge and FYI estimated from ROV multibeam sonar, ice mass balance buoy (IMB),
and ice coring measurements. Shaded areas in (a) represent standard deviations of draft measurements.

Figure 4. Panel (a) shows the average ridge cross-section of ice draft in late June and late July 2020. Panel (b) shows the draft change of
keel bottom vs keel bottom width for each ridge cross-section. Panel (c) shows the contour plot of ridge draft change from 24 June to 21 July
with locations of ridge corners P1−4 (black lines), keel front (dashed red line), and cross-sections with low total melt and narrow keel width
(shaded blue areas).

that the ridge macroporosity and brine volume fraction have
a minor effect on the estimate of the total volume of melted
ice based on its draft measurements relative to the difference
in melt between various ice types. A study focused on the
seasonal evolution of ridge consolidation based on observa-
tions from IMBs and ice drilling during MOSAiC showed
that the most consolidation occurred during the spring sea-
son, while upon melt onset, ridges were already fully consol-
idated (Salganik et al., 2023a). Following Lei et al. (2022),
we used 10 MOSAiC IMBs to estimate an average bottom
melt of 0.17± 0.07 m for first- and second-year level ice with
an average initial thickness of 1.8± 0.2 m from 22 June to

20 July, with no significant correlation between the initial ice
thickness and bottom melt.

3.5 Effect of meltwater drainage on ice draft

From 7 to 14 July, we observed an unexpected 0.08 m in-
crease in FYI freeboard at the coring site, despite a 0.16 m
total melt (Fig. 5a). We suggest that this short-term imbal-
ance is related to surface melt pond drainage observed from
9 to 13 July (Webster et al., 2022), which was accompanied
by the formation of an under-ice meltwater layer with 21 %
areal coverage and 0.46 m thickness (Salganik et al., 2023d).
This suggests that the large decrease in draft (0.30 m) for FYI
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measured by sonar during 7–14 July was not purely due to
ice melt but also included an approximately 0.10 m freeboard
increase (Fig. 5d). During that period, independent measure-
ments from FYI coring also showed a substantially larger
draft decrease (0.24 m in comparison with a 0.08 m draft
change during 14–21 July). Moreover, the total FYI melt
from coring during these 2 weeks was 0.16 and 0.14 m, re-
spectively. Our observations also indicate that the increase in
FYI freeboard caused by meltwater drainage was reversible
(Fig. 5a). It is supported by the rapid recovery of surface melt
pond fraction and depth to the values prior to drainage during
13–17 July (Webster et al., 2022).

3.6 Effect of sea-ice density on ice draft

Previously, we used a constant ratio of sea-ice draft and
thickness to estimate its melt from the draft measurements.
Meanwhile, at the coring site, the ratio of FYI draft to thick-
ness gradually decreased from 0.92 on 22 June to 0.87 on
29 July (Fig. 5a). The corresponding estimate of sea-ice bulk
density (assuming hydrostatic equilibrium) decreased from
910 to 876 kg m−3, which agrees with a sea-ice density de-
crease from 914 to 875 kg m−3 from the direct density mea-
surements performed at the FYI coring site (Fig. 5e). During
these measurements, the snow at the FYI coring site melted
entirely by 20 July from an initial depth of 0.08 m and had
a minor effect on the FYI freeboard. The observed sea-ice
density decrease was mainly caused by an increase in the gas
fraction from 2 % to 6 % (Fig. 5b). We suggest that the de-
crease in FYI density led to a large difference in FYI total
melt estimates from coring thickness measurements (0.34 m)
and sonar draft measurements (0.46 m), indicating that the
FYI melt from sonar may be overestimated when assuming a
constant sea-ice density (Fig. 5d) or draft-to-thickness ratio.

Unlike for the level ice, the ratio of draft to thickness for
Jaridge drilling lines was 0.89± 0.06 and did not decrease
(Fig. A1), while the ridge bulk density estimated from coring
measurements on 10 July was 892 kg m−3. The ridge gas vol-
ume fraction was 2.5 %–3.0 % (Fig. 5b), while in contrast to
the level ice, the ridge was also colder than seawater (Lange
et al., 2023). A strong decrease in sea-ice density was not
observed at the SYI coring site, with a nearly constant gas
fraction during melt season (Salganik et al., 2023d). These
measurements suggest that considering the draft-to-thickness
ratio dependence on the sea-ice density evolution of differ-
ent ice types may improve estimates of ice melt from sonar
surveys. Therefore, we suggest 3.8 times higher bottom and
3.0 times higher total melt rates for the sea-ice ridge than
for FYI. For a typical areal fraction of sea-ice ridges (40 %–
50 %), we estimate that they produce 1.7–2.5 times more
meltwater than level ice.

The absence of ridge lift during melt season is supported
by sonar measurements with a smaller draft change of FYI
and SYI (0.24–0.25 m) right next to the ridge in comparison
with the average FYI and SYI draft change of 0.41–0.50 m

away from the ridge. Measurements from an airborne laser
scanner (0.025 m accuracy; Ricker et al., 2023) give a 0.02 m
increase in FYI freeboard during 4–17 July, which agrees
with the 0.01 m freeboard increase from FYI coring during
6–20 July, supporting our density measurements and upscal-
ing them for the whole FYI area, surveyed by multibeam
sonar. Our FYI coring measurements also agree with previ-
ous estimates of sea-ice density seasonal evolution (Fons et
al., 2023). A gradual increase in FYI freeboard by 0.02 m,
from 22 June to 29 July, despite a total FYI melt of 0.52 m,
observed at the FYI coring site and mainly caused by the de-
crease in FYI density, may affect aerial and satellite altimetry
retrievals in the Arctic summer.

Measurements of sea-ice bottom melt allow us to esti-
mate the OHF for different ice types, following Shestov et
al. (2018). From 24 June to 21 July, calculations based on
temperature measurements from the FYI IMB resulted in an
average OHF of 17 W m−2, increasing from 11 to 36 W m−2

(Salganik et al., 2023d). A combination of sonar and IMB
measurements at the ridge result in an average OHF of
65 W m−2 with averages of 20 W m−2 during 24 June–7 July
and 107 W m−2 during 8–21 July, respectively, suggesting
larger ridge melt enhancement for lower sea-ice concentra-
tions of 85 % (Krumpen et al., 2021) due to increased solar
heat input.

3.7 Comparison with previous observations of
enhanced ridge melt

The areas representative for the Arctic sea ice cover are char-
acterized by high ice concentration and comparable surface
and bottom level ice melt, while the largest amount of bot-
tom level ice melt occurs in regions with low ice concentra-
tion (Perovich et al., 2011). The average accumulated sur-
face/bottom melt of level ice was 0.56/0.50 m for yearlong
SHEBA measurements and 0.24/0.31 m for MOSAiC, with
measurements until 29 July, covering approximately half of
the SHEBA melt season. The average OHF was 18 W m−2

from 3 June to 4 October for SHEBA and 18 W m−2 from
3 June to 29 July for the MOSAiC FYI coring site, simi-
lar to the average summer estimates for Beaufort Gyre and
Transpolar Drift (Krishfield, 2005). This suggests that level
ice melt during MOSAiC was comparable to that of SHEBA,
with a surface and bottom melt ratio typical for areas with
high ice concentration. Despite a deeper ridge keel with a
6 m total ice thickness on SHEBA, the enhanced ridge bot-
tom melt relative to level ice was only 60 % (Perovich et al.,
2003) in comparison with 280 % for MOSAiC with an aver-
age keel draft of 3.9 m and a sail height of 0.5 m. This dif-
ference could be related to the older (second-year and mul-
tiyear) SHEBA ridges or to the substantially smaller areal
coverage of SHEBA ridge measurements. Second- and mul-
tiyear ice ridges surveyed by Perovich et al. (2003) are typi-
cally smooth, fully consolidated, and have low sea-ice salin-
ity, as observed previously by Kovacs et al. (1973); and this
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Figure 5. Panel (a) shows the evolution of the first-year ice (FYI) draft-to-thickness ratio. Panel (b) shows FYI and ridge gas volume.
Panel (c) shows a contour plot of the ridge temperature measurements from IMB buoy 2020M26 with sail surface and keel bottom interfaces
from IMB and average snow thickness from the ridge drilling surveys. Panel (d) shows FYI freeboard and total melt. Panel (e) shows FYI
density estimated from coring measurements of snow and ice thickness and draft, and from density measurements.

may affect turbulence around old ridges. With only 14 stakes
at the second-year ridge during SHEBA, in comparison with
over 104 ridge draft measurements for MOSAiC, the latter
captures the whole range of different melt rates.

The oceanographic conditions during N-ICE2015 were
substantially different from those of both SHEBA and MO-
SAiC due to the proximity to Atlantic Water, with the average
OHF under level ice of 63 W m−2 during 10–19 June 2015
(Peterson et al., 2017), six times higher than for MOSAiC
during the same period. The enhanced OHF for ice ridges
during N-ICE2015, observed by Shestov et al. (2018), is
based on one single-point measurement of bottom ridge melt
from a temperature buoy and an OHF estimate from tur-
bulence instrument clusters for level ice. The keel macro-
porosity of the ridge studied by Shestov et al. (2018) was
8 % (higher than the 4 % for MOSAiC, possibly due to the
lower N-ICE2015 keel width of 16 m), the maximum keel
draft was 7.3 m, and the estimated increase in the ridge bot-
tom melt in comparison with level ice was 4.8 compared with
3.8 for MOSAiC. The enhanced first-year ridge melt esti-
mated from draft measurements from upward-looking sonar
in the Beaufort Sea from Amundrud et al. (2006) may have
substantial uncertainties as they are based on an assumption
of similar ice draft distribution along the direction of ice
drift (and not necessarily repeated measurements of the same
ridges), while ridge macroporosity, block thickness, sea-ice
density, and fraction of surface and bottom ice melt were
unknown. Amundrud et al. (2006) estimated the total level
ice melt rate in July as 0.02–0.03 m d−1, similar to 0.018 m
d−1 for the MOSAiC FYI coring site (1–29 July), while the
total melt rate for ridges with 4–8 m draft was 0.10 m d−1

in the Beaufort Sea and 0.04 m d−1 during MOSAiC (1–
21 July). The corresponding ridge total melt enhancement of
4.0 was higher than the ratio of ridge and level ice total melt

of 3.0 for MOSAiC. Another ridge (Alli’s ridge) with simi-
lar block thickness, keel draft, width, and macroporosity, but
oriented along the drift direction (perpendicular to Jaridge),
was studied during MOSAiC. Despite the different orienta-
tion, by 26 July Alli’s ridge experienced a draft decrease of
0.9 m, similar to that of Jaridge; however, those observations
are limited to four-point measurements across a single ridge
cross-section.

The results of our sonar investigations provided evidence
of high spatial variability in sea-ice melt, especially for
ridges. For the ridge with a total cross-sectional melt of
0.9± 0.4 m, we identified cross-sections with an average to-
tal melt ranging from 0.2 to 2.6 m. This means that measure-
ments from a single location or even a single ridge cross-
section may not be representative, as the variability of draft
change is comparable to the difference between the average
melt of different sea-ice types. This suggests that the 20–
30 % difference between our observations of first-year ridge
enhanced melt and observations from Amundrud et al. (2006)
and Shestov et al. (2018) may be related to the high spatial
variability of ridge melt or different oceanographic condi-
tions, while the much larger 120 % difference from Perovich
et al. (2003) may be attributed to different ridge age.

3.8 Study application and limitations

Our study provides melt estimates for different ice types
over a substantial range of sea-ice draft. It also describes the
effects of ridge morphological parameters, including ridge
draft, slope, and width, on melt rates. This allows us to ex-
trapolate our estimates to a range of ridge cross-sections
with various shapes and drafts. Nevertheless, we acknowl-
edge limitations related to some other ridge characteristics
that may affect melt, such as macroporosity, block thickness,
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and ridge age. Most of the characteristics of the investigated
ridge are close to the average characteristics of first-year ice
ridges with 8 m maximum keel draft, 36 m keel width, and
0.2–0.4 m block thickness (Strub-Klein and Sudom, 2012),
except for its low macroporosity. The number of ridges sam-
pled during the melt season is limited, but melting ridges of-
ten have low macroporosity (Marchenko, 2022; Shestov et
al., 2018). Similarly, our results do not cover ridges with keel
drafts above 8 m and strongly non-trapezoidal shapes, often
observed in Arctic regions with thicker sea ice, including the
Chukchi and Beaufort seas (Metzger et al., 2021). Previous
studies on ridge melt showed a wide range of ridge and level
ice melt fractions from only 1.6 (Perovich et al., 2003) to 4–
5 (Amundrud et al., 2006; Shestov et al., 2018), yet due to
the limited coverage of these observations, it is challenging
to indicate which parameters were the main reason for such
differences in ridge melt. Additional limitations are related to
the estimates of sea-ice density seasonal evolution for differ-
ent ice types due to the small number of such observations,
especially for ridges, and known challenges and uncertain-
ties related to brine losses during ice coring (Pustogvar and
Kulyakhtin, 2016).

4 Conclusions

We collected an unprecedented dataset using a multibeam
sonar mounted on an ROV that captured the four-dimensional
change of sea-ice draft over a period of 1 month during ad-
vanced summer melt in the Arctic Ocean. This revealed that
a first-year ridge melted faster than adjacent level ice types.
The total ridge melt was on average 0.95 m, compared with
0.55 m for level second-year ice and 0.46 m for level first-
year ice. These observations can largely be explained by the
difference in initial average ice draft of 1.4 m for first-year
ice, 2.6 m for second-year ice, and 3.9 m for the ridge. Ridge
bottom melt was three to four times higher than the bot-
tom melt of first-year level ice, while surface melt was al-
most identical. The high-resolution sonar observations also
revealed large spatial heterogeneity in keel melt, and there-
fore the results from point observations need to be interpreted
with care since it is difficult to tell how representative they
are.

Key factors that affect the melt rates of ridge keels include
the keel draft and slope (with a negative correlation), keel
width, and distance from the keel front (with a positive corre-
lation). These factors can explain 57 % of the total melt vari-
ability for this particular ridge, with 36 % of the melt vari-
ability explained by keel draft, 32 % by keel slope, 27 % by
keel width, and 11 % by a distance from the keel front. We
observed a relationship between the melt of ridge flanks with
their draft, and the amplification of keel melt within 10 m of
its bottom corners, while the melt rates of the (more level)
middle part of the ridge keel bottom were comparable to
those of level ice melt. However, ice draft changes (as mea-
sured by sonars) are not due to ice melt alone, because the
hydrostatic balance of the ice needs to be considered since,
for example, melt pond drainage and sea-ice density evolu-
tion change ice draft. This needs to be considered when such
measurements are used over longer periods of time. Consid-
ering the seasonal change in sea-ice density allowed us to
refine the ratio of total ridge to first-year level ice melt to 3.0
and the ratio of bottom ice melt to 3.8. Such ice draft changes
also affect the ice freeboard and can potentially affect satel-
lite altimetry retrievals in the Arctic summer.

Since a large percentage (up to 40 %–50 %) of the Arc-
tic ice pack is deformed (ridged) ice, it is imperative that
we better understand its role in the Arctic sea-ice system.
While ridge keels contribute a significant amount of ice melt
in summer (Perovich et al., 2021), they also provide a sink
for meltwater through refreezing in keel voids (Lange et
al., 2023). Ridge keels also shape the lateral distribution of
under-ice meltwater layers (which in turn affect level ice
melt rates) (Salganik et al., 2023d) and affect turbulent ex-
changes (Skyllingstad et al., 2003), with implications for ice–
ocean exchange. This work highlights areas that warrant fu-
ture observation-model development for improved represen-
tation of ridge-related sea-ice processes in models.
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Appendix A: Additional information

Figure A1. Ridge draft measurements from ROV multibeam sonar and ice drilling lines. The vertical lines are drill holes: the solid lines are
ice, the line breaks are voids, and the dotted lines are ROV sonar draft measurements.

Figure A2. Contour plot with ice draft for 24 June (a) and 21 July (b). Black points show ridge drilling locations, the purple point shows the
location of ice mass balance buoy (IMB), and red points show the location of ridge coring. Contour plot colours follow recommendations of
scientifically derived colour maps (Crameri et al., 2020).
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https://doi.org/10.1594/PANGAEA.949433), the meteorological
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