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Abstract

The Arctic Ocean is one of the most rapidly changing regions on the planet. Its
warming climate has driven reductions in the region’s sea ice cover which are likely
unprecedented in recent history, with many of the environmental impacts being medi-
ated by the overlying snow cover. As well as impacting energetic and material fluxes,
the snow cover also obscures the underlying ice from direct satellite observation.
While the radar waves emitted from satellite-mounted altimeters have some ability
to penetrate snow cover, an understanding of snow geophysical properties remains
critical to remote sensing of sea ice thickness. The paucity of Arctic Ocean snow
observations was recently identified as a key knowledge gap and uncertainty by
the Intergovernmental Panel on Climate Change’s Special Report on Oceans and
Cryosphere in a Changing Climate. This thesis aims to address that knowledge gap.

Between 1937 and 1991 the Soviet Union operated a series of 31 crewed
stations which drifted around the Arctic Ocean. During their operation, scientists
took detailed observations of the atmospheric conditions, the physical oceanography,
and the snow cover on the sea ice. This thesis contains four projects that feature
these observations. The first two consider a well known snow depth and density
climatology that was compiled from observations at the stations between 1954 &
1991. Specifically, Chapter two considers the role of seasonally evolving snow
density in sea ice thickness retrievals, and Chapter three considers the impact of the
climatological treatment itself on satellite estimates of sea ice thickness variability
and trends. Chapter four presents a statistical model for the sub-kilometre distribution
of snow depth on Arctic sea ice through analysis of snow depth transect data. Chapter
five then compares the characteristics of snow melt onset at the stations with satellite

observations and results from a recently developed model.



Impact Statement

The Arctic Ocean is warming faster than any other region on earth, at more than three
times the global average. Climate changes in the region have driven rapid reductions
in the coverage and thickness of the floating sea ice, with knock-on effects for the
underlying oceanography, ecology, and the people that live and work in the region.
The effects of diminishing sea ice extend outside the region itself as sea ice regulates
global temperatures through its high reflectivity, and its loss potentially impacts the
Northern Hemisphere jet-stream, midlatitude weather and ocean circulation. As well
as an indicator of Arctic change, sea ice is therefore a key mediator of change, with
direct impacts on other systems. This means that how sea ice is changing is critical
to a full understanding of how the region and the world is changing.

The first two of the four projects in this thesis focus on improving retrievals of
sea ice thickness from satellite-mounted radar altimeters. Improved sea ice thickness
retrievals will improve the output of climate models which assimilate the retrievals,
and will allow more precise evaluation of the models which do not. Chapter three
of this thesis focuses specifically on trends and variability in the sea ice thickness
of the marginal Arctic seas which contain the North East passage. This essential
shipping route is becoming increasingly passable by conventionally-constructed
ships in winter due to diminishing sea ice, with profound impacts on flows of trade
between Europe and East Asia.

Chapter four of this thesis investigates the sub-kilometre scale distribution of
snow on sea ice: this is important to the retrievals of sea ice thickness from satellite-
mounted laser altimeters such as IceSat-2, but also allows improved modelling of
in- and under-ice light flux. This modelling reflects the changing light availability

for in- and under-ice primary producers, which underpin the Arctic food web. A
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better understanding of the snow distribution on sea ice may also improve the
representation of heat fluxes and resulting thermodynamic ice growth in complex
sea ice models. The final chapter of this thesis compares the melt onset timing at
NP stations to satellite observations and results from a recently developed model.
These comparisons improve our understanding of the different satellite products,
and lead to improvements in the model’s performance. Output from this model
was instrumental in recent work to model the under-ice light field and establish a
year-round satellite record of sea ice thickness.

Because this thesis is organised around observations by Soviet Arctic Ocean
drifting stations, consideration is not given here to Antarctic sea ice. It is also
the case that the snow model deployed in Chapter 3 has not yet been run in the
Southern Hemisphere because of challenges involving the flooding of sea ice. Snow
on Southern Hemisphere sea ice is also different in other ways: for instance it is less
prone to forming melt ponds, and typically exists in warmer air temperatures due to
generally lower latitudes. Furthermore, fewer in-situ validation campaigns have been
performed on Antarctic sea ice. As such, it is not straightforward to port the findings
of this thesis to the Southern Hemisphere, although these results may inform future,

dedicated studies of Antarctic sea ice.
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Chapter 1

Introduction

1.1 Climate change in the Arctic Ocean

The Arctic is currently warming at over three times the global average rate (Rantanen
et al., 2022). The rapid heating of the region is related to rapid declines in sea ice
areal coverage (Stroeve and Notz, 2018), sea ice age (Tschudi et al., 2020), and
sea ice thickness (Kwok, 2018). These changes have local and global impacts on
both natural and human systems (e.g. Post et al., 2013; Vihma, 2014; Meier et al.,
2014; Steiner et al., 2019). Some of these sea ice changes are shown in Fig. 1.1.
Proxy-based reconstructions of Arctic sea ice extent indicate that the present decline

is unprecedented in the last 1460 years (Kinnard et al., 2011).

Even with radical global action to reduce the emission of greenhouse gasses,
these environmental changes are unlikely to stop within the next quarter-century
(IPCC, 2021, Fig. 8). In fact, almost all models indicate the Arctic Ocean will
become practically ice free before the year 2050 (Notz and SIMIP Community,
2020; Docquier and Koenigk, 2021). Ongoing sea ice retreat will drive further rapid
change in the physical, ecological and human systems of the Arctic and the planet
(e.g. Singarayer et al., 2006; Bhatt et al., 2014; Wei et al., 2020; England et al.,
2020; Lannuzel et al., 2020). To illustrate the impacts of sea ice retreat, I will now

summarise its key role in some key earth and human systems.
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Figure 1.1: The evolution of four sea ice related quantities in the late 20 and early 21°
century. Sea ice extent, volume and age have decreased, while surface air
temperatures have increased in winter, spring and autumn. Air temperature
data were downloaded from the ERAS atmospheric reanalysis (Hersbach et al.,
2020), sea ice extent data were downloaded from the National Snow and Ice
Data Center Sea Ice Index (Fetterer et al., 2010), sea ice volume data are taken
from the PIOMAS sea ice reanalysis product (Zhang and Rothrock, 2003), and
sea ice age data are taken from the National Snow and Ice Data Center age
product (Tschudi et al., 2020). Technical details on the construction of this plot
(e.g. regridding and averaging procedures) is given in the supplement (Sect. S1)
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Sea Ice Loss and Arctic Amplification

Sea ice loss contributes to, and is forced by, recent observed rises in the Arctic’s
surface air temperature. This entanglement leads to outsized warming relative to
the global average, known as Arctic Amplification. One way that sea ice amplifies
increases in surface air temperatures is through the ice-albedo feedback. Sea ice and
its overlying snow are highly optically reflective (Perovich et al., 2002; Perovich
and Polashenski, 2012), such that the majority of incident sunlight is reflected rather
than absorbed. As sea ice retreats and open water is exposed, incident sunlight at
the surface is less reflected and more absorbed (Pistone et al., 2014), heating the
surface layer of the ocean. The additional heat stored in this layer acts to melt nearby
ice (Kashiwase et al., 2017), and delay freeze-up in the following Autumn (Stroeve

et al., 2014).

While a reduction in the surface albedo from sea ice retreat is often the focus of
discussions around Arctic amplification, several other key mechanisms exist, some
of which may potentially be more consequential than the albedo effect (Previdi
et al., 2021). This is clear from the fact that the ice-albedo feedback is most active
in summer (when insolation is largest), whereas Arctic amplification is largest in
winter and smallest in summer (Chung et al., 2021). For example, changes in the
vertical temperature profile of the lower atmosphere, and a relatively lower Planck
feedback! in polar regions drive amplification of comparable magnitudes to the
ice-albedo feedback (Goosse et al., 2018). The combined result of these feedbacks
is that areas that have experienced consistent sea ice retreat see particularly high
amplification. For example, surface temperatures around Svalbard and Novaya
Zemlya have experienced trends (1979 - 2021) of 0.125°C per year (Rantanen et al.,
2022), warming more in a decade than the Earth has warmed on average since the

pre-industrial era.

'The Planck Feedback emerges from the more powerful thermal radiation of a warmer body. As
the Earth’s surface warms, its outgoing thermal radiation to space increases non-linearly relative to
the warming. Globally this results in a negative feedback on surface warming, however this feedback
is weaker at the poles because absolute temperatures are lower. A weaker negative Planck feedback
in the Arctic results in Arctic amplification.
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Other Physical Changes Resulting from Sea Ice Loss

As sea ice has thinned (Kwok, 2018), it has become more dynamic (Rampal et al.,
2009; Kwok et al., 2013), with impacts on ocean gyre circulation (Petty et al., 2016;
Armitage et al., 2020). These impacts on Beaufort Gyre circulation are particularly
important, as they affect the freshwater balance and ocean heat partitioning of the

Arctic Ocean (Timmermans and Toole, 2022).

Sea ice decline is also driving changes in the cloud cover of the Arctic Ocean.
While the role of increasing cloud cover in Arctic amplification remains unclear (He
et al., 2019; Sledd and L’Ecuyer, 2021), it is clear that areas that have experienced
sea ice retreat become increasingly cloudy. Liu et al. (2012) found that a 1% decrease
in sea ice concentration leads to a 0.36% - 0.47% increase in cloud cover. This is
mostly driven by increases in moisture availability (Abe et al., 2016); the role of sea
ice retreat on the availability of cloud condensation nuclei is complex and relatively

unconstrained (Browse et al., 2014).

In the Eastern/European Arctic, sea ice retreat has been linked to the process of
Atlantification (Barton et al., 2018). This process involves warmer “Atlantic” water
penetrating into the surface layer of the Arctic Ocean, which inhibits sea ice growth
(Asbjornsen et al., 2020). Reductions in sea ice export through the Fram Strait have
potentially altered the surface oceanography of the Greenland Sea, which in turn

intensifies Atlantification of the Fram Strait region (Wang et al., 2020).

The increasing ocean-atmosphere moisture flux resulting from sea ice decline
has also been linked to more frequent and more extreme precipitation over nearby
land. For example, retreat of sea ice from the Barents sea contributed to extreme
snowfall in Northern Europe in 2021 (Bailey et al., 2021), and sea ice extent east
of Greenland has been shown to control extreme precipitation in Svalbard (Miiller
et al., 2022). Kopec et al. (2016) investigated the fraction of total Arctic precipitation
that originated as Arctic evaporation (‘Arctic Sourced Moisture’; ASM). The authors
found that the ASM fraction increased by around 15% per 100,000 square kilometers
of ice lost. These changing precipitation patterns have biological and human impacts

(e.g Forbes et al., 2016) that will be discussed in the next section.
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Sea ice acts as a semi-permeable cap on gas transport (Parmentier et al., 2013;
Vancoppenolle et al., 2013). Its retreat therefore affects the underlying ocean’s role
as a potential net sink of atmospheric carbon (MacGilchrist et al., 2014) and the
ocean acidificiation that results. Increasing exposure of the ocean surface to the
atmosphere has combined with meltwater-driven changes in the seawater chemistry
to position the Arctic Ocean as the most rapidly acidifying ocean basin on Earth (Qi
et al., 2022).

Finally, sea ice retreat is changing the momentum flux from the atmosphere to
the ocean. For example, longer open water seasons have made large waves in the
Beaufort and Chukchi seas more common, with the potential to impact the remaining
ice pack at its edge (Thomson et al., 2016). Sea ice retreat also drives increased wind
energy input to the surface ocean (Rainville et al., 2011). The vertical mixing that
results may weaken upper-ocean stratification, increasing the heat flux to the ice

when and where it is present (Ivanov et al., 2016).

Sea Ice Loss and Arctic Ecology

The Arctic Ocean is partially shaded by its sea ice cover in summer, with profound
effects on the spatial distribution of photosynthesising primary producers and the
ecological webs that they support (Andersen, 1989; Nicolaus et al., 2012a; Ji et al.,
2013; Ardyna et al., 2020). Declining sea ice may increase the primary productivity
of the Arctic ocean through increased light availability, making pelagic (floating)
primary producers beneficiaries of the transition (Arrigo and van Dijken, 2015).
However, a number of sympagic species are endemic to sea ice itself (Hop et al.,
2000), and may not be able to adapt to a diminishing and potentially disappearing
ice habitat in summer (Mundy and Meiners, 2021).

Sea ice also provides a critical ecosystem service in sustaining polar cod,
Boreogadus saida. This is a keystone species which links the primary production
above to higher-level consumers such as birds and seals (Bradstreet et al., 1986).
Polar cod depend on sea ice to rest and avoid predators (Gradinger and Bluhm, 2004),
and use it to feed while in their larval and juvenile stages (Craig et al., 1982). Sea

ice decline may therefore stress this key link in the Arctic Ocean food chain.
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Sea ice also directly provides ecosystem services for larger animals such as
marine mammals (Kovacs et al., 2011) and birds (Karnovsky and Gavrilo, 2016). For
instance, it moderates the hunting behaviours of narwhals and polar bears (Pagano
and Williams, 2021) and provides a denning venue for ringed seals (Hamilton et al.,
2017). As for birds, the timing of sea ice break up is becoming asynchronous with
the development and migratory cycles of birds. Gaston et al. (2009) documented
poorer growth rates in thick-billed murres in response to earlier ice breakup, as they
hatch after the peak in prey has passed. Fort et al. (2013) documented the importance
of the sea ice edge position for the migration of little auks, and indicated the resulting
threat to the species from sea ice decline.

Biological impacts are not just limited to the ocean environment: sea ice loss can
have indirect impacts on terrestrial ecosystems through atmospheric pathways. For
example, unusually low winter sea ice conditions in the Barents and Kara seas during
2006 and 2013 caused rain on snow events which led to mass mortality of reindeer
on the Yamal Peninsula (Forbes et al., 2016). Sea ice loss was also implicated by
Statham et al. (2015) in the redistribution of terrestrial caribou herds, which in turn

stressed the local, hunting-orientated Inuit food system.

Regional, Human Systems

As alluded to above, sea ice decline directly impacts those who live in the Arctic,
and particularly those who use it. It is used by Arctic residents as a platform for
transport (Kapsch et al., 2010; Aporta, 2009), fishing (Steiner et al., 2019) and
hunting (Huntington et al., 2016), and is part of the region’s cultural heritage (Aporta,
2010).

Taverniers (2010) documented changes in a small West-Greenland community
after a period of retreating sea ice; changes included substituting on-ice dog-sled
travel with motorboat travel, a pivot to fishing as opposed to hunting, increasing
dependence on imported food (due to reduced seal catches), and reduced making
of seal-skin clothes. Hunters caught fewer migratory birds due to the absence of a
previously persistent polynya, and the local schoolteacher observed that traditional

skills such as hunting, fishing and travelling were no longer being passed on due to
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lack of access to the sea ice.

Sea ice decline is also impacting Arctic communities that are vulnerable to
waves from storms and coastal erosion (Overeem et al., 2011; Barnhart et al., 2014).
This is because sea ice loss expands both the fetch over which waves build, and the
length of the open water season for which waves can act on a coastline (Barnhart
et al., 2015; Casas-Prat and Wang, 2020). One striking case study of this is the town
of Shishmaref (Alaska, USA), which is in the process of being relocated due to rapid
coastal erosion linked to sea ice decline (Major et al., 2021). Coastal permafrost
change has also influenced investment and decision making in the coastal town of
Nome (Alaska, USA). Residents have observed degradation of key infrastructure:
roads have become undulating, utilities have failed, and buildings have subsided

(Birchall and Bonnett, 2020).

Global, Natural Systems

The Arctic sea ice also influences hemispheric and global environmental systems.
As well as cooling the planet via its high albedo as described above, the sea ice also
affects midlatitude weather. While its role in the variability of the jet stream remains
contested (Cohen et al., 2020; Overland et al., 2021), studies have shown that sea
ice behaviour drives weather phenomena at low latitudes by several other means
(England et al., 2020, and references therein). For instance, sea ice loss has been
associated with a weakening of the Atlantic Meridional Overturning Circulation
(Sévellec et al., 2017; Liu et al., 2019). Ocean dynamics drive several tropical
responses to sea ice loss including intensification of the intertropical convergence
zone and the Hadley circulation (Wang et al., 2018; Chemke et al., 2019).

It is also the case that sea-ice loss drives Arctic amplification (Sect. 1.1), which
in turn drives local changes in the Arctic which can individually have a global reach.
For instance, Arctic amplification is increasing (and will continue to increase) the
contribution of Greenlandic ice-sheet melting to global sea level rise (Fyke et al.,
2014). Permafrost decay due to amplified temperatures and sea ice loss is also a
source of methane (Shakhova et al., 2015), thus increasing global greenhouse gas

concentrations.
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Global, Human Systems

The Arctic sea ice forms a physical barrier to conventional shipping, and blocks
attractive routes for international trade (Cressey, 2007; Zhang et al., 2019; Tseng
et al., 2020). This necessitates the use of ice-strengthened vessels in winter if goods
are to be shipped via either the North-East or North-West passages, which allow
direct travel between the North Atlantic and the North Pacific. However, the rapid
thinning of sea ice in the North-East passage in recent years has allowed for a string
of ‘break-through’ winter transits by conventional vessels (Kubny, 2021). Research
in this thesis (Chapter 3) sheds light on the rate at which sea ice in this key passage
is thinning. Delayed freeze-up and earlier ice-retreat, combined with the general
retreat of the September ice edge from the Siberian coast over the last few decades
has also facilitated more conventional, open-water shipping voyages in summer.
Sea ice conditions in the Northern Sea Route (part of the North-East passage) have
taken on new importance in 2022 due to the Russia-Ukraine conflict. Increasing
dependence of Russian gas exports on Chinese demand (in light of Western sanctions)
has enhanced Russian reliance of the Northern Sea Route, which houses several

liquid petrolium gas (LPG) terminals (Odgaard, 2022).

While changes in the conventional routes (North-East and North-West passages)
are underway (Stewart et al., 2013), the prospect also looms of more direct journeys
directly across the pole in the second half of the 21st Century (Melia et al., 2016;
Cariou et al., 2019). As well as being a potential highway for international trade,
the Arctic Ocean is also a venue in itself for the extraction of natural resources
(Kontorovich et al., 2017). As the sea ice retreats, the potential for extraction of fish

and precious metals is being assessed (Lasserre and Tétu, 2017; Petrick et al., 2017).

As the Arctic increases in its economic and geopolitical value with ice retreat,
a growing body of literature now addresses resurgent political conflict and militari-
sation in the Arctic after three decades of post-cold-war de-escalation (e.g. Oxford
Analytica, 2015; Wilson, 2015; Gricius, 2021). As a barrier between Russia and
NATO countries during the conflict in Ukraine, the Arctic has become a venue for

increasing military tensions in 2022 (Odgaard, 2022). De-escalating these tensions
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is particularly difficult at present, given Russia’s chairmanship of the Arctic Council

in the 2021-2023 period (Sergunin, 2022).

1.2 Sea Ice Thickness

Having just emphasised the important role of sea ice across scales in both human
and earth systems, I will now introduce discuss the nature and importance of sea ice
thickness (SIT) in particular.

During autumn, open water areas freeze, forming new ice that can then grow
thermodynamically by 1.5 to 2.5 m over a winter season. Further deformation and
thermodynamic ice growth can lead to thicknesses in excess of 5 m. The rate of
seasonal ice growth is discussed in Chapter 2. Today, the Arctic is undergoing a
period of profound transformation, with the thickness of the floating sea ice cover
in decline (e.g. Kwok, 2018). The rate and nature of this decline in the marginal
Arctic seas is discussed in Chapter 3. Reductions in sea ice thickness are driven by a
variety of factors including later freeze-ups, earlier melt onsets and increased winter

air temperatures (Graham et al., 2017; Stroeve et al., 2018).

1.2.1 Importance

As well as being a sensitive indicator of climate change, winter SIT also functions as a
prognostic variable in the polar climate system, affecting the amount and distribution
of sea ice that will survive the summer melt season. Accurate knowledge of SIT
is particularly important where data are assimilated into forecasting systems and
other complex models, which often exhibit sensitive dependence on initial conditions
(Chevallier and Salas-Mé€lia, 2012; Day et al., 2014; Blockley et al., 2018; Schroder
etal., 2019).

The importance of SIT in forecasting and modelling stems from its key role
in partially decoupling the ocean and atmosphere systems. Thicker sea ice is more
thermally insulating and limits heat transfer from the ocean to the atmosphere in
winter and consequent thermodynamic growth (Petty et al., 2018a). As mentioned
previously, SIT also exerts control on sea ice dynamics and rheology (Vella and

Wettlaufer, 2008; Rampal et al., 2009; Kwok et al., 2013). The thickness of sea ice
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during snow accumulation also dictates whether the sea ice surface drops below the
waterline, potentially increasing sea ice growth through the formation of snow-ice
(Rosel et al., 2018).

The impact of the end-of-winter SIT distribution persists into the melt season,
with thick sea ice decreasing the transmission of solar radiation to the surface ocean
and reducing the potential for in- and under-ice primary productivity (Mundy et al.,
2005; Katlein et al., 2015; Stroeve et al., 2021).

As well as being a key parameter for the processes described above, the value
of sea ice thickness can be multiplied by the sea ice area to produce the sea ice
volume, one of the most sensitive indicators of Arctic climate change (Schweiger

et al., 2019).

1.2.2 Satellite Monitoring

While continuous and consistent monitoring of Pan-Arctic SIT has not been achieved
on a multi-decadal timescale, the long-term decline in sea ice thickness mentioned
above has been suggested using a combination of different techniques (Kwok, 2018;
Stroeve and Notz, 2018). Satellite altimeters using both radar and lidar have pro-
vided a valuable record of changing sea ice thickness, but have often been limited for
various reasons. Some have been limited spatially by their orbital inclination (e.g.
the European Remote Sensing (ERS) satellites, Envisat, AltiKa and Sentinel radar
altimeters have operated up to only 81.5°N), and others in temporal coverage (e.g.
ICESat was operated in ‘campaign mode’ rather than providing continuous cover-
age). Two satellite altimeters currently offer continuous and meaningful Pan-Arctic
monitoring of the Arctic sea ice: the ICESat-2 and CryoSat-2 altimeters. ICESat-2
has been in operation since September 2018 and so far has documented four winters
of sea ice thickness (Kwok et al., 2020b). While products from CryoSat-2 have
traditionally only been available for the cold season (October - April), a year-round
sea ice thickness product has recently been developed (Landy et al., 2022).
Although the launch of the CryoSat-2 radar altimeter (henceforth CS2) in 2010
allowed significant advances in understanding the spatial distribution and interannual

variability of Pan-Arctic SIT (Laxon et al., 2013), a statistically significant decreasing
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trend within the CS2 observational period has not been detected for the Arctic as
a whole. The lack of certainty regarding any trend in SIT is in part due to the
various uncertainties associated with SIT retrieval from radar altimetry (Ricker et al.,
2014; Zygmuntowska et al., 2014). Major contributors to these uncertainties are
the relatively large footprint of a radar pulse when compared to laser altimetry, the
variable density of sea ice (Jutila et al., 2022), retracking of radar returns from
rough sea ice (Landy et al., 2020), and the need for an a priori snow depth and
density distribution (Kern et al., 2015). This poses a challenge to the identification
of statistically significant trends among uncertainty-induced noise; this challenge
was highlighted by the IPCC’s most recent assessment report (Fox-Kemper et al.,

2021, see quote below).

1.3 Snow on sea ice

The role of sea ice as a moderator of ocean-atmosphere interaction is itself often
influenced by its snow cover (e.g. Sturm and Massom, 2016). In fact, many of the
key properties often ascribed to the sea ice cover (high albedo, thermal insulation)
are in fact more intrinsic to its snowpack than the underlying ice.

Furthermore, snow blocks direct satellite observation of the ice cover. The sea
ice itself must generally either be studied with snow-penetrating electromagnetic
frequencies from the microwave spectrum, or by inferring ice properties from the
properties of the overlying snow. Given snow’s key role in Arctic Ocean climate
and in remote sensing of the underlying ice, it is therefore unfortunate that the snow
cover itself is poorly monitored. The 2019 IPCC Special Report on the Ocean and
Cryosphere in a Changing Climate identified snow on sea ice as a key knowledge

gap and uncertainty (Meredith et al., 2019), stating:

“Snow depth on sea ice is essentially unmeasured”

Furthermore, Working Group 1’s contribution to the [PCC’s sixth assessment
report (Fox-Kemper et al., 2021) attributed the low confidence in sea ice thickness

change since 2011 to:
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“snow-induced uncertainties in the retrieval algorithms, the shortness of

the record, and the small identified trend”

I will now introduce some key aspects of the Arctic Ocean snow cover which

are most relevant to this thesis:

¢ Snow and radar estimates of sea ice thickness
¢ Snow as a thermal insulator

* Snow reflection and attenuation of light

The above list underplays the diversity of areas in which snow properties are
important. For instance, this thesis will not discuss the role of the Arctic Ocean snow

cover in:

* providing a habitat for mammals (e.g. seals, polar bears) and micro-organisms

(e.g. Kovacs et al., 2011; Maccario et al., 2019)

* pressing the underlying ice below the waterline, generating negative freeboards

and snow-ice (e.g. Rosel et al., 2018)

* moderating the transport of gasses into and out of the ice (e.g. Nomura et al.,

2010)
* preconditioning for the formation melt-ponds (e.g. Petrich et al., 2012)

 reducing the ability of icebreaking ships to mount and fracture floes (e.g.

Huang et al., 2019)

1.3.1 Snow and estimates of sea ice thickness from

satellite-mounted radar-altimeters

The full impact of snow on radar-altimetry-derived estimates of sea ice thickness
is worthy of its own lengthy and detailed review paper. A summary is given here,
with a more detailed and quantitative treatment developed through Chapters 2 & 3.
However this treatment is confined to the conventional paradigm of total radar-wave

penetration of overlying snow.
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Satellite altimeters release short pulses of coherent electromagnetic radiation
and measure the timing of their return. The round-trip return time of the pulse is a
measure of the range of the target. At wavelengths in the Ku-band (around 13 GHz),
detected backscatter is conventionally assumed to have scattered from the snow-ice

interface, having penetrated the snowpack.

However, snow properties are also known to impact the penetration character-
istics of radar waves. That is to say, different snowpacks can diferentially admit
radar waves of the same frequency. The penetration assumptions described in the
previous paragraph are therefore not universally true. For Ku-band waves (the topic
of Chapters 2 & 3), in-situ, airborne and satellite-based evidence indicates that
snow-stratigraphy, snow-temperature, and the presence of saline snow all affect the
depth distribution over which which backscattered radar waves return (Willatt et al.,
2010, 2011; Ricker et al., 2015; Armitage and Ridout, 2015; Nandan et al., 2017;
King et al., 2018). Limited penetration is a key obstacle to successful retrieval of sea
ice thickness from Ku-band radar-altimeters such as that mounted on the CryoSat-2

satellite.

The presence of snow also weighs down the ice cover when it is floating in hy-
drostatic equilibrium. A heavier overlying snow cover will press the ice downwards,
affecting the ice freeboard. This is relevant to sea ice thickness retrievals, as the
conventional approach relies on the conversion of an ice-freeboard observation to an
ice-thickness estimate through invoking Archimedes’ principle. A full description
of this process is given in Chapter 3. Here I summarise the general situation in the
Arctic: snow generally has a density of between 100 to 500 kg/m>. At these densities,
it depresses the ice surface by between 0.1 and 0.5 cm per cm of accumulated snow.
Because of this effect, the weight of overlying snow must be accounted for when

inferring sea ice thickness from an ice-freeboard measurement.

Finally, snow slows the propagation of electromagnetic waves such as those
emitted and detected by Ku-band altimeters. This increases the round-trip time for
radar-pulses, even if the distance travelled in real space remains the same. Without

correcting for this effect, waves backscattered from the snow-ice interface would be
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interpreted as being scattered from too far away. This slowing down gives rise to the
difference between the radar range and the true range of a satellite radar altimeter.
This effect is the subject of Chapter 2, which explores the delay-time based on snow
density and depth data derived from observations at Soviet drifting stations (Warren
et al., 1999). Chapter 3 of this thesis explores the climatological nature of the data set
derived from the stations, and the impact of the data on sea ice thickness retrievals

by comparison to the output from a recently developed model.

The effects of snow loading described above (freeboard depression and propa-
gation delay) mean that underestimation of the snow loading results introduces an
overestimating bias on the derived sea ice thickness. In Chapter 3 (Eq. 3.3) I will

show that for a given radar retrieval:

IIT) _ P 8151073 (1.1)
dm Pw — Pi

Where SIT represents sea ice thickness (in metres), m; the snow loading in
millimetres of snow water equivalent, p,, the density of seawater, and p; the density
of seawater. The above equation implies that for every centimetre of snow (at a
typical density of 300 kgm—3), an extra 4.5 centimetres of sea ice thickness is inferred

(at a typical sea ice density of 900 kgm ).

It is important to note that several other large uncertainties exist when estimating
sea ice thickness; for instance, sea ice density remains poorly constrained (e.g. Jutila
et al., 2022) and the interpretation of radar waveforms remains highly uncertain
(e.g. Landy et al., 2020). As such, it is not possible to categorically state that when
snow loading is underestimated then the resulting sea ice is underestimated. Because
other biases may be compensating, improved representation of snow in some cases
may lead to less accurate sea ice thickness retrievals. As such, I opt to phrase snow
loading uncertainty in the language of ‘introducing’ an over/underestimating bias
in resulting estimates, rather than as ‘leading to’, ‘producing’ or ‘generating’ some

bias.
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1.3.2 Snow as a thermal insulator

Snow is a mixture of ice and air, and therefore acts like a thermally insulating blanket
on the sea ice. The difference between snow and ice in this regard is significant: the
thermal conductivity of snow is generally between 0.1 and 0.4 Wm™'K-! (Calonne
et al., 2011). This is an order of magnitude below sea ice, which generally has
a thermal conductivity between 2 and 2.3 Wm™'K™! (Pringle et al., 2007). This
disparity allows the deposition and ablation of snow to control the thickness of ice
underneath where that ice is thin enough to be sensitive (Maykut et al., 1971; Ledley,
1991; Lecomte et al., 2013; Holland et al., 2021). Thinner snow produces greater
thermodynamic sea ice growth in winter, as it allows more latent heat form freezing
to be transported away from the base of the sea ice to the atmosphere. However,
the power of this control is significantly diminished when sea ice becomes thick:
3 metre ice has approximately the same total (not specific) conductivity as a 30
centimetre snow cover, and would therefore be considerably less sensitive to the
snow’s insulating effect.

The moderating power of snow on sea ice growth is true at both the large scale,
but also the local scale. Snow is redistributed by wind into dunes and bedforms
(e.g. Moon et al., 2019), and can accumulate in drifts near ice topography such as
ridges (Liston et al., 2018). Heat is able to flow more easily through thin patches
in the snow, making the sub-kilometre scale distribution of snow depth relevant to
calculations of heat flux and ice growth (Sturm et al., 2002b). This distribution is the

topic of Chapter 4 of this thesis.

1.3.3 Light attenuation by the snow cover

Fresh snow is often described as the most optically reflective natural material on
earth (e.g. Webster et al., 2018). With an albedo of ~0.85, dry snow also has a
high albedo relative to the bare ice surface (~ 0.55 - 0.65 Perovich and Polashenski,
2012). Despite the above, light can penetrate snow to a depth of several tens
centimetres (Dumont and Gascoin, 2016), although the exact functional form of the
attenuation remains challenging to model from first principles (Libois et al., 2013).

This is because in the optical portion of the electromagnetic spectrum, snow has an
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extremely high scattering power relative to its ability to absorb (Kokhanovsky, 2022).
As such, a small fraction of incident photons in the visible portion of the spectrum
can penetrate deep into snow through multiple scattering events.

It is therefore the case that when light is incident on a snow cover with a depth
distribution, it is not the mean depth of the snow, but instead the areal prevalence of
optically thin snow that determines light transmission to the ice surface. As such,
the distribution of snow depth is a critical determinant of in-ice light availability
(Abraham et al., 2015). As above, this distribution of snow depths is the topic of
Chapter 4 of this thesis.

Furthermore, the timing with which the snow melts affects the timing with
which in- and under-ice primary producers are supplied with light. This timing
is spatially variable in a given year, and interannually-variable at a given point
(e.g. Markus et al., 2009; Bliss and Anderson, 2018). For instance, Galindo et al.
(2014) documented how earlier snow melt in 2011 (relative to 2010) in the Canadian
Archipelago drove more light penetration of the ice surface. This precipitated an
earlier algal bloom, but also accelerated the subsequent detachment of the algal mat
at the ice base. The timing and nature of snow melt onset is the topic of Chapter 5 of

this thesis.

1.4 Observational requirements for snow and sea ice

thickness

Having stressed the importance of snow and sea ice thickness, I will now introduce
the observational requirements for these variables specified by the Global Climate
Observing System (WMO, 2022a), a body of the World Meteorological Organisation.
The situation has recently changed, with the addition in 2022 of three new variables

under the singular ‘Essential Climate Variable’ category of sea ice:
* concentration
* extent

e thickness
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e drift

* surface temperature*
* surface albedo*

* overlying snow depth*

Where asterisks (*) indicate variables new in 2022, in addition to the variables
defined in 2018. The relationship between the sea ice ECV, and its constituent
variables (listed above) is discussed by Lavergne et al. (2022).

The sea ice thickness constituent variable has the following observational re-
quirements as a minimum threshold: 50 km horizontal resolution, on a monthly basis
in wintertime, to a two-sigma measurement uncertainty of 0.25 m.

For overlying snow depth, the threshold observational requirements are: a
50 km horizontal resolution, on a monthly basis in wintertime, with a two-sigma

measurement uncertainty of 0.1 m (WMO, 2022b).

1.5 Soviet North Pole drifting stations

Between 1937 and 1991 the Soviet Union operated a series of research installations
on drifting Arctic sea ice; these were termed North Pole or NP stations. The program
was restarted by the Russian Federation in 2003, although data from this era are not
publicly available. During their operational periods, the crews collected a wide range

of meteorological observations, alongside snow depth and density measurements.

1.5.1 Snow depth and other measurements for Chapters 4 & 5

The relevant measurements analysed in Chapters 4 & 5 are described in the chapters

themselves (Sects 4.1.1 & 5.2), and as such are only summarised here:

* Daily measurements of the mean snow depth a three stakes demarking the

corners of a 25 m square, recorded to the nearest cm.

* Snow depths were also measured every 10 or 20 days at 10 m intervals along

transects of either 500 or 1000 m in length.
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* Incident and reflected shortwave radiation was measured by in-situ broadband

radiometers.

* 3- or 6-hourly observations of 2-metre air temperature, relative humidity,

low-cloud coverage and total-cloud coverage.

1.5.2 The Warren Climatology

The snow depth measurements itemized above were combined into monthly clima-
tological distributions by Warren et al. (1999, henceforth “W99”). Transect-based
measurements were used in preference to stake-based measurements for two reasons:
one is that the spatial sampling statistics are improved; the second is that the tran-
sects were less influenced by the nearby station in terms of albedo reductions from
combustion and wind-drifting of snow. The locations at which the constituent snow
depth transects were made are displayed in Fig. 1.2a. The performance of these fits
in representing the input data are shown in Fig. 1.2b. The distributions themselves
feature prominently in Chapters 2 & 3, and are displayed here in Fig. 1.3.

Examination of these distributions indicates that there is an element of over-
fitting present: while the transect data that produce the fits match well (Fig. 1.2b),
there are large areas of negative snow depths in some winter months in the Barents
Sea. The values are also too high in some areas of sea ice coverage (such as Baffin
and Hudson Bays), precluding the climatology’s realistic use in those areas. For
completeness I reproduce the W99 fits for snow water equivalent in Supplementary
Fig. S1, and the fits for snow density produced by dividing the SWE by the depth in
Supplementary Fig. S2.
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Figure 1.2: (a) the positions of the snow depth transects contributing to the W99 snow depth
climatology. (b) The W99 monthly quadratic fits evaluated against the in-situ
measurements from which the fits were generated.



1.5. SOVIET NORTH POLE DRIFTING STATIONS 34

January February March

0.0 0.1 0.2 0.3 0.4 0.5 0.6
W99 Quadratic Fits Of Snow Depth (m)

Figure 1.3: Monthly evolution of the quadratic fits of snow depth given by the Warren
Climatology (W99). White colored areas indicate regions where the quadratic
fits generate negative values for snow depth.



Chapter 2

Conventional assumptions involving
the speed of radar waves in snow
introduce systematic underestimates
to sea ice thickness and seasonal

growth rate estimates

The contents of this chapter are drawn from the following publication:

Mallett, R.D.C., Lawrence, L.R., Stroeve, J.C., Landy, J.C., & Tsamados, M.
(2020). Brief communication: Conventional assumptions involving the speed of
radar waves in snow introduce systematic underestimates to sea ice thickness and

seasonal growth rate estimates. The Cryosphere, 14(1), 251-260.

However the original publication only assessed data up to summer 2018. The
figures and statistics in this chapter have been updated to include data up to summer

2021.
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2.1 Introduction

As described in Chapter 1, sea ice thickness is a key control on the strength of
the decoupling between the Arctic Ocean and the Arctic atmosphere. It has been
observed through various methods including upward-looking sonar from submarines,
ice mass-balance buoys, electromagnetic induction sounding and satellite laser and
radar altimetry (e.g. Schweiger, 2017; Kwok, 2018). The CryoSat-2 mission has
played a leading role over the last decade, providing radar ranging observations from
which the sea ice thickness may be derived (Wingham et al., 2006; Laxon et al.,
2013; Tilling et al., 2018; Landy et al., 2022).

Ku-band radar altimeters such as CryoSat-2 and Sentinel-3 do not directly
measure sea ice freeboard, but instead measure ‘radar freeboard’ through a time-of-
flight calculation. The radar freeboard is the difference in radar ranging between
the snow-ice interface and the local, instantaneous sea level (assuming perfect radar
wave penetration through the snowpack). Since the radar wave speed is reduced in
snow, a priori knowledge of the snow depth and density is required to convert the
radar freeboard to the true ice freeboard. Following the freeboard calculation, sea ice
thickness can then be estimated through the assumption of hydrostatic equilibrium
(e.g. Laxon et al., 2003). This again requires a priori knowledge of snow depth
and density to account for freeboard reduction due to the weight of overlying snow.
The impact of correcting for the weight of overlying snow on sea ice thickness is
of comparable magnitude to the correction for slower wave propagation in snow

(Supplementary Material Sect. S2).

An important consideration in the conversion of radar freeboard (F,) to ice
freeboard (F;) and in turn ice thickness is therefore the time delay due to slower
radar pulse propagation in snow (Kwok, 2014). In this study we highlight two
different approaches to the calculation of this time delay used in published literature.
Correct handling of this time delay has a significant impact on the retrieval of sea ice
thickness and volume from radar altimetry, as we show here. This is particularly the

case as snow settles and densifies over the winter season.

We further investigate the impact of assuming a fixed snow density throughout
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winter when calculating this time delay. At present, three groups operationally
produce publicly available sea ice thickness products from CryoSat-2. Only one
of these (the Alfred Wegener Institute; AWI) factors monthly evolution of snow
density into their correction for slower radar wave propagation in snow, despite often
including an evolving density in their calculation of the floe’s hydrostatic equilibrium.
AWI did not do this until 2020, at which point it was incorporated in response to
the paper associated with this chapter (Hendricks and Ricker, 2020). The impact
of this assumption is assessed and found to introduce underestimates of the rate of
winter thermodynamic sea ice growth, with October-April growth currently being

underestimated by over 10 cm over multiyear ice.

2.2 Different Treatments of the Radar Propagation

Correction

The correction to the radar range to account for slower radar wave propagation in
snow, 0h = F; — F,, is often expressed as the product of snow depth, Z, and some
function of wave velocity in snow, f(c;) (e.g. Tilling et al., 2018; Kwok, 2014) such

that:

Sh=2Zx f(cs) @2.1)

We now present a short derivation of f(c,) and thus 84 through consideration
of the extra time taken, &8¢, for a radar wave to travel a distance Z through a specified
snow depth rather than through free space. The time delay induced by the snow layer

is expressed:

ot = Lsnow — bvacuum (2-2)
ot=Z/cs—Z]c (2.3)
ot=Z(1/cs—1/c) (2.4)

Where ¢, the wave speed in snow, and c is the radar wave speed in free space
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(2.998 x 108 ms™!). To convert this time delay (01) into a path difference (04), one

multiplies by the speed of the wave in free space:

Oh=0txc=2Z(c/cs—1) (2.5)

Some works (Tilling et al., 2018; Kwok and Markus, 2018; Kwok and Kacimi,
2018) have used this formulation to correct the radar range for the slower wave
propagation speed through snow. Other works have used an alternative form of Eq.
(2.5), generated by multiplying 67 in Eq. (2.4) by the wave speed in snow (Kwok,
2014; Kurtz et al., 2014; Kwok and Cunningham, 2015; Ricker et al., 2015; Armitage
and Ridout, 2015; Hendricks and Ricker, 2019; Landy et al., 2017; Xia and Xie,
2018):

Oh=2,(1—-cg/c) (2.6)

For Eq. (2.6) to be true, Z, must be regarded as:
Z,=Z(c/cs) 2.7

However, Z, is conventionally interpreted as the real snow depth (Z) and 84 is
therefore erroneously reduced by a factor of ¢;/c. When Eq. (2.7) is incorporated

into Eq. (2.6), 8h is redefined in terms of Z and becomes Eq. (2.5).

Conventional interpretation of Z, as the real snow depth therefore leads to a

bias in the freeboard (B) where:

(c—cs)?

Br=7x
! c X Cg

(2.8)

Bias in the freeboard then propagates into estimates of sea ice thickness by a
multiplicative factor of p,,/(p,, — pi), where p,, represents the density of seawater
and p; represents the density of sea ice. Because first year ice (FYI) is generally
denser than multiyear ice (MY Jutila et al., 2022), a fixed snow thickness will

introduce a greater bias on the thickness of first year ice. However, typical biases
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introduced by this treatment over FYI are generally expected to be lower due to
reduced snow accumulation. The bias introduced to sea ice thickness retrievals

(Bsi7) due to conventional, erroneous use of Eq. (2.6) is therefore:

(c— CS>2 y Pw

Bsir = Z %
C X Cg Pw — Pi

(2.9)

Equation (2.9) illustrates that the bias grows linearly with snow depth. In
addition to this, Bg;r is also dependent on the speed of the radar wave in snow,
which is itself a function of snow density. Several empirical relationships have been
proposed for the relationship between snow density and radar wave speed, however
the most commonly used three (Hallikainen et al., 1982; Tiuri et al., 1984; Ulaby
et al., 1986) deviate negligibly from each other in the typical density range for snow
observed on Arctic sea ice (Fig. S3). In this investigation, we use the relationship

from Ulaby et al. (1986):

cS:c(1+O.51pS)—1.5 (2.10)

As snow density increases, ¢y decreases and Bg;r increases. This positive
relationship between f(c;) and bulk snow density is shown in Fig. (2.1a). Because
both snow depth and snow density generally increase throughout the season as snow
accumulates, compacts and settles, any 6/ generated through incorrect expression of

f(cs) becomes increasingly underestimated.

Furthermore, Bg;r increases even as a fixed snow water equivalent densifies and
shrinks in volume. This is because Bg;7 scales more rapidly with increasing snow
density than it reduces with decreasing snow depth. The increase in bias with snow

density for constant snow water equivalent (SWE) is illustrated in Fig. (2.1b).

Since Bgjr 1s explicitly a function of snow depth and implicitly a function
of snow density via Eq. (2.10), its spatial mapping requires the use of an Arctic
snow distribution. Here we use snow depths and densities from Warren et al. (1999)
(henceforth “W99’) to illustrate these underestimates. To be consistent with current

data products that rely on W99 for their snow depth distribution, we halve snow
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depths over first-year ice as per Laxon et al. (2013) and only consider the Central
Arctic basin (see Fig. S4) where W99 is considered most reliable (Kwok and
Cunningham, 2015). Data on sea ice type and extent were taken from the sea ice
type product of the EUMETSAT Ocean and Sea Ice Satellite Application Facility
(OSISAF; Aaboe et al., 2016).

We find that where sea ice thicknesses are calculated using W99 snow depths
and densities in the Central Arctic, thickness underestimates introduced by erroneous
interpretation of Eq. (2.6) increase throughout the winter to values exceeding 15 cm
in April over multi-year ice (Fig. 2.1c). This is equivalent to the result of a 3 - 4 cm
underestimation in snow depth (see Eq. 2.1). Over FYI the mean bias increases from
4.2 cm in October to 9.8 cm in April (compared to 6.4 cm and 13.6 cm for MY]).
In April, 28% of MYT has a bias exceeding 15 cm, and 7% exceeds 16 cm. These
values are relative to a typical ice thickness in the same region of ~1.6 m in October

increasing to ~2.7 m by April.

How does this bias impact sea ice thickness products currently available to
the science community? Most commonly-used products do not correct for slower
wave speed using the W99 density distributions in time or space, but instead use
a reference density to calculate a fixed value for f(c;) in Eq. (2.1). This value is
fixed not only across the Arctic basin, but throughout the winter. In version 2.2 of
the CryoSat-2 sea ice thickness product from the Alfred Wegener Institute (AWI;
Hendricks and Ricker, 2019), f(c;) is taken as (1 —c¢g/c) as in Eq. (2.6). Citing the
reference spring snow density given by Kwok (2014) of 350 kg m™, they generate a
fixed 6h of 0.22Z.

On the other hand, the Centre for Polar Observation and Modelling (CPOM)
takes f(cs) to be (c/cs— 1) (Eq. (5); Tilling et al., 2018). However, the CPOM
product uses a lower reference density of 300 kg m™ (taken from Kwok et al.
(2011)), generating a reference 64 of 0.25Z. AWI’s use of a higher reference density
mitigates the difference introduced by their erroneous interpretation of Eq. (2.6).
Were AWI to use a similar reference density to CPOM’s 300 kg m~ with Eq. (2.6),
their reference 64 would be 0.19Z, contrasting starkly with CPOM’s 0.25Z.
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Figure 2.1: (a) Difference between conventional use of Eq. (2.6) and Eq. (2.5) as a function

of snow density. This bias increases with snow density, ultimately exceeding a
factor of 0.1 of the snow depth for dense snow. (b) Sea ice thickness bias for
a fixed mass of snow increases as it densifies and contracts with time. Solid
lines indicate bias for first year ice, dashed lines for multiyear ice assuming
fixed densities of 916.7 and 882 kg m™> respectively. (c) Monthly thickness
bias introduced by conventional and erroneous use of Eq. (2.6) when calculated
using W99 density and depth distributions. Pixels are only displayed where sea
ice type is known in all years 2010-2018. Black line indicates region where
multiyear ice is present in over 50% of years. Monthly averages derived from

years 2010-2018.
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The decision to use a fixed snow density for the wave-speed propagation cor-
rection throughout the winter introduces biases of its own with regard to the rate of

thermodynamic growth; this is discussed in the next section.

2.3 Impact of Seasonal Snow Density Evolution on

the Radar Wave Propagation Correction

Despite recent developments in pan-Arctic scale snow density modelling (Petty et al.,
2018b), the Arctic snow density distribution remains poorly constrained in time and
space. Because of this, representative values for pan-Arctic average snow density are
often combined with the snow depth distributions from W99 to calculate the radar
wave propagation correction (Kurtz et al., 2014; Hendricks and Ricker, 2019; Tilling
et al., 2018).

This constant value contrasts with the ubiquitous inclusion of density evolution
in the adjustment to an ice floe’s hydrostatic equilibrium due to the weight of overly-
ing snow. It is important to note here that snow densification does not increase the
snow loading on sea ice in an absolute sense, since it does not represent the physical
addition of snow to the system. Instead, it represents additional loading for snow
of a given depth, as dictated by a snow product such as W99. A density evolution
curve was derived from W99 by Kwok and Cunningham (2008) and implemented in
sea ice thickness estimates derived from ICESat and CryoSat-2 (Kwok et al., 2009;
Kwok and Cunningham, 2015). It is notable that Kwok and Cunningham (2015)
include density evolution in both their calculation of the propagation correction and
the adjustment to hydrostatic equilibrium.

To investigate the impact of an evolving snow density on the propagation cor-
rection, we calculated the propagation correction over Arctic sea ice by two methods:
The control method used a fixed reference density in the wave speed correction (i.e.
300 kg m~) as done by CPOM and AWI. The other method incorporated a rate of
snow densification obtained from W99 in the Central Arctic Basin.

The control method used the parameters employed by Tilling et al. (2018)

1

producing a radar wave speed in snow of 2.4x 10% m s*! corresponding to a reference
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density of 300 kg m™ when converted using Eq. (2.10). As discussed in Sect.
2.2, estimates of absolute sea ice thickness are sensitive to the choice of reference
snow density. However, the estimated rate of thermodynamic growth (the focus of
this section) is more responsive to the density’s time derivative, which for a fixed
value (p; = 300 kg m™) is zero. As such, our results with respect to growth rate are
applicable to different reference densities such as those used by AWI (350 kg m™)
and the NASA Goddard Space Flight Center (320 kg m™; Kurtz et al., 2014).

For the ‘evolving’ method, we calculated a representative winter (Oct-Apr)
densification rate using the average densification rate of snow over the Arctic Ocean
given by W99. This was found to be approximately +6.50 (& 0.8) kg m™ per month.
The October starting density was taken as the spatial average of the W99 October
density field over the same region - this choice served to minimise sea ice thickness
differences at the start of the growth season and better enable comparison of growth

rate. Snow density in the ‘evolving’ method can therefore be written as:

ps = 6.50r +274.51 (2.11)

Where ¢ represents the number of months since October.

The W99 snow density evolution of five Arctic regions were also examined
and found to be similar to the basin-wide rate, with the exception of the Laptev Sea
which shows only a small (but positive) seasonal densification rate (Fig. S5). As in
Sect. 2.2, we halved the W99 snow depths over FYI and only analysed the Central
Arctic basin where W99 is considered most reliable. One consideration here is that
the W99 rates are based on density observations over MY, and the densification rate
here may not be the same as FYI environments. In particular, depth hoar formation
is potentially more aggressive in MYI environments: King et al. (2020) indicate that
faceted and depth hoar grains over MYI have lower density.

When the evolving density shown in Eq. (2.11) was included in our calculation
of the radar wave propagation correction, we found sea ice thickness to grow on
average by an extra 10.1 cm between October and April over MY1. This corresponds

to an extra 1.7 cm per month when compared to a fixed f(cy) of 0.25Z. Density evo-
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lution caused FYT to grow an extra 6.4 cm over the same time period, corresponding

to an extra 1.1 cm per month.

Given the poor state of knowledge concerning the current distribution of pan-
Arctic snow densities and the difficulty in collecting in-situ data, we cannot conclude
whether this increased growth should correspond to higher-than-previous thicknesses
at the end of winter or lower-than-previous thicknesses at the start of winter. Put
another way, in this section we show a systematic bias in the thermodynamic growth

rate rather than absolute ice thickness values.

Having illustrated the effect of snow densification on the radar wave propagation

correction, we now justify its inclusion.

While the absolute values for regional mean densities have conceivably changed
since the data were collected for W99, it remains almost certain that snow density
still increases over winter for the majority of the Arctic basin as documented in
WO99. Furthermore, the rate of snow densification shown in W99 is likely now
underestimated, with field observations indicating densification rates of >20 kg
m~ per month on FYT (Langlois et al., 2007) and FYT now occupying significantly
more of the Arctic basin than in the 1954-91 period over which W99 was compiled
(Stroeve and Notz, 2018). While significant uncertainty in the true densification rate
exists, effectively setting the rate to zero for the radar wave propagation correction

introduces a systematic bias in sea ice thickness calculations.

Finally, commonly used products (e.g. Tilling et al., 2018; Hendricks and
Ricker, 2019) have included a seasonally evolving snow density in the ‘snow loading
correction’ (for change in the hydrostatic equilibrium of the floe due to the weight of
snow cover), which features a very similar sensitivity to uncertainty in snow density
(Fig. S6). The latest product of the Alfred Wegener Institute (v2.3 Hendricks and
Ricker, 2020) was changed in response to the manuscript associated with this chapter,

such that it reflects the treatment given here.
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Figure 2.2: Monthly biases in sea ice thickness due to the effect of ignoring snow densifi-
cation in calculating propagation correction (a) Spatially averaged histograms
indicating the area of ice subjected to a given bias. Data separated into pixels
that feature MYI for that month in more/less than 50% of years 2010-2018.
Pixels that typically feature MYI experience greater bias in all months, largely
due to halved W99 snow depths over FYI. (b) Sea ice thickness bias introduced
by use of a static snow density in the calculation of the propagation correction.
Pixels are only displayed where sea ice type is known in all years 2010-2018, so
bias is not displayed in some areas of ambiguous ice type. Black line indicates
region where M Y1 is present in over 50% of years. These values are typically
3-8% of the resulting sea ice thickness.
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2.4 Discussion

2.4.1 Different Fixed Densities

To further explore this issue, we calculated the expected difference between sea ice
thickness estimates from CPOM and AWTI introduced by their usage of 6k = 0.25Z
and 6h = 0.22Z respectively. Since the difference in 84 is partially due to different
choices of a representative snow density, resulting sea ice thickness differences
cannot be seen as bias from a true value until Arctic snow densities are better
constrained. This variation is superimposed on the bias introduced by fixed snow
densities discussed above. We find that CPOM’s higher value for f(cy) produces a
higher mean MY thickness of 5 cm in November, growing to 7 cm by April. 16%
of MYI exhibited a difference of > 8 cm. For FYI, the mean difference is 2.8 cm in

November and grows to 4.7 cm by April (Fig. S7).

2.4.2 Comparison to Radar Freeboards

To investigate these biases further, we compare them by converting pan-Arctic
CryoSat-2 radar freeboard retrievals from late 2010 to early 2018 (processed under
the assumption of a lognormal ice roughness distribution (Landy et al., 2019)) to

estimates of sea ice freeboard using:

1. Equation (2.5) versus Eq. (2.6) (with conventional, erroneous interpretation)

using the depth and density fits from W99

2. A monthly evolving density versus the fixed density used in Hendricks and

Ricker (2019), both with spatially constant density across the Arctic basin

We find that the bias introduced by the erroneous interpretation of Eq. (2.6)
remains relatively constant as a fraction of the sea ice freeboard at around 6% (despite
increasing in an absolute sense) (Fig. 2.3a).

We find that the bias introduced by the assumption of a non-evolving snow
density (in calculation of the propagation correction) grows throughout the season
relative to the sea ice freeboard and in an absolute sense. The bias grows from
2.3% to 6% of the ice freeboard (Fig. 2.3b), indicating that the growth rate is

underestimated when a fixed density is assumed.
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Figure 2.3: Percentage bias in sea ice freeboard. The bias induced by two effects was
compared to the radar freeboards proccessed using the assumptions of Landy
et al. (2019). (a) Percentage bias introduced by the use of Eq. (2.5) vs Eq.
(2.6) when combined with the W99 fits for depth and density. As a fraction
of the growing ice freeboard, biases remain relatively constant, indicating they
grow at the same rate. (b) Percentage bias introduced by an evolving snow
density derived from W99 data. This bias increases as a fraction of the ice
freeboard from 2.3% to >6%, indicating that thermodynamic growth rates are
underestimated.
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2.4.3 Incomplete Radar Wave Penetration of the Snowpack

The biases introduced in this analysis are derived based on the common assumption
that Ku-band radar waves penetrate the entire snowpack. However, in-situ studies of
Antarctic snow on sea ice indicate that snow with significant morphological features
can scatter the radar above the snow-ice interface (Willatt et al., 2010). Airborne
investigations during the CryoVEx and N-ICE2015 campaigns also revealed elevated
dominant scattering horizons (Willatt et al., 2011; King et al., 2018). Furthermore,
snow salinity has also been shown to elevate the dominant scattering horizon from
the snow-ice interface. Nandan et al. (2017) found the horizon to be elevated by 7
cm based on FYI data from the Canadian Arctic.

Radar wave scattering from a horizon above the ice-snow interface introduces
an overestimating bias on sea ice freeboard and thickness. The size of this bias is
potentially larger than those discussed above, and may be dominant in determining
the sign of the overall bias. If this is the case and sea ice thickness is overestimated
overall, fixing the underestimating biases discussed in this analysis would shift
estimates further away from the true value. As such, while improving the realism of

the retrieval algorithm, the results may not become more accurate.

2.4.4 Snow Depth Decline Since W99 Collection

The climatology assembled by Warren et al. (1999) was collected from drifting
ice stations largely over MYI in the period 1954-91. Since then the average age
of MYTI has declined and freeze-ups have become increasingly delayed (Stroeve
and Notz, 2018). This has had the effect of decreasing snow depth over MYI
in the Western Arctic (Webster et al., 2014); it is unclear how snow depths have
changed in the Eastern Arctic. While W99 has been modified to better apply over
FYT using comparatively recent Operation Ice Bridge data (e.g. Laxon et al., 2013;
Webster et al., 2014), this has not been similarly carried out for MYI snow depths
in this analysis or other publicly available products. As such, the snow depths
conventionally used for thickness retrievals are likely overestimates over MYI and
this introduces an overestimating bias on freeboard and sea ice thickness. This would

add to the effect described in Sect. 2.4.3, where fixing underestimating biases may
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not make the overall estimate closer to the truth. In response to the issues associated
with the W99 climatology, I explore the alternative use of a model-based snow depth
in Chapter 3, finding it has strong implications for the calculation of sea ice thickness
trends and variability.

Furthermore, lower snow depths and/or incomplete radar wave penetration of
the snowpack would decrease the magnitude of the biases described here (as Eq.

(2.8) and Eq. (2.9) both scale linearly with snow depth).

2.4.5 Broader Implications

Sea ice thickness is closely tied to sea ice volume, a sensitive indicator of climate
change but also a quantity of major interest for the modelling community. The
thickness underestimates highlighted in Sect. 2.2 have some impact on total sea
ice volume, although this is well within the currently large uncertainty bounds.
Nonetheless, we argue that these uncertainty bounds have been systematically biased
through conventional use of Eq. (2.6) in some products.

In addition, the fact that these biases increase over winter means the seasonal
growth rate is also biased through conventional use of Eq. (2.6). While the rate of
winter sea ice growth is still uncertain and interanually variable, the use of a fixed,
seasonally-constant value for the snow density will bias growth rates low.

Accurate characterisation of thermodynamic growth is important to a variety
of systems. A higher growth-rate will impact the surface salinity balance as more
freshwater than previously estimated is locked up in sea-ice during thermodynamic
growth and then ejected to the mixed-layer when ice melts in summer. The rate
of sea ice growth is an important variable in the characterization of the negative
conductive feedback (thin ice thickens faster: Stroeve et al., 2018; Petty et al., 2018a).
Finally, end of winter sea ice thickness moderates subsequent light transmittance
through the ice, impacting under-ice ecosystems and related geochemical processes
(Nicolaus et al., 2012b).

Sea ice thickness products featuring the misinterpretations of Eq. (2.6) have fed
several forecast and reanalysis models (e.g. Xia and Xie, 2018). Thickness products

featuring a constant-density assumption built into the propagation correction are
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near-ubiquitous (with the exception of Kwok and Cunningham (2015)) and have
also fed forecast and reanalysis models (e.g. Yaremchuk et al., 2019; Blockley et al.,
2018). While these biases may be small compared to the effects of partial radar
wave penetration into the snowpack, they are simply remediable. We suggest this is
done before further work is undertaken to estimate the extent of and incorporate the

effects of partial radar wave penetration into the snow cover.

2.4.6 Summary

We investigated two conventional methods for correcting radar altimetry derived
sea ice freeboard retrievals for slower radar wave propagation in snow. We found
that a commonly used treatment (conventional use of of Eq. (2.6)) for this correc-
tion introduces an initial and seasonally-increasing underestimating bias on sea ice
thickness from October through to April. While most commonly-used products
then transform this bias (where present) by choosing a fixed snow density, we find
underestimation of April sea ice thickness to exceed 15 cm over some multiyear
ice when this treatment is applied in conjunction with the snow density climatology
from Warren et al. (1999).

We also investigated the impact of assuming a seasonally-fixed snow density
on the radar wave propagation correction. While uncertainties in the absolute value
of Arctic snow density preclude any conclusion about whether sea ice thickness is
being under- or overestimated in this respect, this treatment is found to introduce an
underestimating bias on the thermodynamic growth rate of multiyear ice of ~1.7 cm
per month leading to a ~10.1 cm bias over the October-April period.

While these biases on sea ice thickness (Sect. 2.2) and growth rate (Sections
2.2 & 2.3) retrievals are small compared to the total uncertainty, they are systematic
and easily addressed. While remaining unaddressed, they propagate into derived
products and model projections, calibrations and reanalyses (Sect. 2.4.5).

Since the publication of the manuscript associated with this chapter, the Alfred
Wegener Institute’s sea ice thickness retrieval algorithm has been changed to reflect
this work. Specifically, Section 2.6.1 of Hendricks and Ricker (2020, “Fall 2020

Update”) includes the changes:
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“Updated computation of wave speed correction in the snow layer fol-
lowing Mallett et al., 2020”

and

“Used hemisphere-wide snow density values following Mallett et al.,

20207
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Chapter 3

Faster decline and higher variability
in the sea ice thickness of the
marginal Arctic seas when accounting

for dynamic snow cover

The contents of this chapter are drawn from the following publication:

Mallett, R.D.C., Stroeve, J.C., Tsamados, M., Landy, J.C., Willatt, R., Nandan, V., &
Liston, G.E. (2021). Faster decline and higher variability in the sea ice thickness of

the marginal Arctic seas when accounting for dynamic snow cover. The Cryosphere,

15(5), 2429-2450.

However the original paper only assessed data up to summer 2018. The fig-
ures and statistics in this chapter have been updated to include data up to summer

2021.

3.1 Introduction

Chapter 1 introduced the key role of sea ice as a moderator of moisture, heat and
momentum between the Arctic Ocean and the Arctic atmosphere. The role of sea ice

thickness as a key variable in this moderation was then summarised. The Chapter
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also introduced the key role of the snow cover in radar-based estimates of sea ice
thickness.

Chapter 2 presented the results of a study on the delay to radar-wave propagation
by the snow cover. Specifically, two different formulas for this delay were discussed,
along with their relative impacts on resulting sea ice thickness estimates. The role
of including seasonal snow density evolution in the calculation of this delay was
estimated. This was done using the climatological data used in most sea ice thickness
products for calculation of floe hydrostatic equilibrium. This climatology is from
‘the Warren climatology’ (W99 Warren et al., 1999).

In this chapter, we present the results of a broader investigation into the role
of snow cover on sea ice thickness retrievals. In particular, I introduce a way
of combining the effect of wave-propagation delay with the role of snow in the
hydrostatic equilibrium of the floe; this allows different snow products to be simply
compared. Specifically, I go on to compare the snow climatology used in Chapter 2
(W99; derived from NP drifting stations) to results from a newly developed snow

model.

3.1.1 The Role of Snow in Radar-Altimetry Derived Sea Ice

Thickness Retrievals

The impact of snow-depth uncertainty on SIT retrievals was recently included by the
IPCC in a list of ‘Key Knowledge Gaps and Uncertainties’ (Meredith et al., 2019).
More specifically, Bunzel et al. (2018) found snow to have a strong influence on
the interannual variability of SIT and consequent detection of thickness trends. In
this Chapter we investigate the impact of a new, Pan-Arctic snow depth and density
data set (SnowModel-LG; Liston et al., 2020; Stroeve et al., 2020a) on trends and
variability in regional SIT when used in place of the traditional, climatological data
set (Warren et al., 1999, Used in Chapter 2). We show that traditional calculations of
SIT omit significant interannual variability due to their reliance on a snow climatol-
ogy, and we quantify this omission. We also show that sea ice is likely thinning at a
faster rate in some marginal seas than previously thought, because the snow water

equivalent on the sea ice is declining too.



3.1. INTRODUCTION 54

We now quantify the combined role of snow cover in conventional sea ice
thickness estimation (in terms of hydrostatic equilibrium and wave propagation
delay), before revealing and explaining the effects of previously unincorporated

trends and variability.

As mentioned in Chapters 1 & 2, the Ku-band radar waves emitted from CryoSat-
2 are generally assumed in mainstream SIT products to scatter from the snow/sea-ice
interface (Kurtz et al., 2014; Tilling et al., 2018; Hendricks and Ricker, 2019; Landy
et al., 2020). The difference in radar ranging (derived from time-of-flight) between
areas of open water and areas of sea ice is known as the ‘radar freeboard’, f,. The
height of the sea ice surface above the waterline is referred to as the sea ice freeboard,
fi- This is extracted from the radar freeboard through (a) assuming that the primary
scattering horizon corresponds to the sea ice surface, and (b) accounting for the
slower radar wave propagation through the snow cover above the sea ice surface
(Armitage and Ridout, 2015; Mallett et al., 2020). The sea ice freeboard can then be
converted to sea ice thickness by considering the floe’s hydrostatic equilibrium given
the sea ice density and weight of overlying snow. In the simplified case of bare sea

ice, we would calculate:

Pw
Pw — Pi

SITpare = fr (3.1)

Where p,, is the density of seawater and p; the density of sea ice. In order to
adjust the above equation for the presence of overlying snow, the twin effects of
the snow’s weight and the snow’s delaying influence on radar pulse propagation
must be taken into account. These three influences on SIT (the radar freeboard
measurement, the pulse propagation delay and the freeboard depression from snow
weight) can therefore be expressed as three terms (see supplementary information)

in the following way:

SIT = h,

Pw__ L, W’{i_q+m Ps 3.2)
Pw — Pi Pw — Pi [ Cs Pw — Pi

In this chapter we introduce a simple method for combining the second and
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third terms of the above equation into a single term that is proportional to the snow
water equivalent (Sect. 3.3.1). This helps to easily separate the influences of snow
data and radar freeboard measurements on the determination of sea ice thickness.
Specifically, we compare the impact of two snow products on regional trends and
variability in sea ice thickness. These products are the snow climatology given by
Warren et al. (1999) and the output of SnowModel-LG (Liston et al., 2020; Stroeve
et al., 2020a).

3.2 Data Description

3.2.1 Regional Mask

We define seven regions of the Arctic Basin using the mask from Stroeve et al. (2014)
which is gridded onto a 25 km resolution EASE grid (Brodzik et al., 2012, Fig. 3.1).
We define the ‘marginal seas’ of the Arctic Basin as the color coded areas of Fig.
(3.1) excluding the Central Arctic. All constituent regions of the ‘marginal seas’
grouping lie within the coverage of Envisat barring a negligible portion of the Laptev

Sea.

3.2.2 Radar Freeboard Data

To examine the impact of snow products on Enivsat/CryoSat-2 thickness retrievals,
we used radar freeboard data from the ESA Sea Ice Climate Change Initiative
(Hendricks et al., 2018). These data are available from October in the winter of
2002/03 until April in the winter of 2016/17. This product was chosen for two main
reasons: (a) it provides a consistent record for both the Envisat and CS2 missions
(Paul et al., 2018), and (b) it is publicly available for download. CS2 carries a delay-
Doppler altimeter that significantly enhances along-track resolution by creating a
synthetic aperture. For this reason as well as its higher latitudinal limit, we used CS2
radar freeboard measurements over Envisat during the period when the missions
overlapped (November 2010 - March 2012). To create a radar freeboard product that
1s consistent between the Envisat and CS2 missions, Envisat returns are retracked
using a variable threshold retracking algorithm. This variable threshold is calculated

from the strength of the surface backscatter and the width of the leading edge of the
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Figure 3.1: The definitions of the marginal Arctic seas used in this chapter, from Stroeve
et al. (2014). Two black, concentric circles indicate the latitudinal limits of the
CryoSat-2 (inner circle; 88°N) and Envisat (outer circle; 82.5°N) missions.

return waveform such that the inter-mission bias is minimised (Paul et al., 2018). The
results are comprehensively analysed in the Product Validation & Intercomparison
Report (Kern et al., 2018). One key finding of this report is that while Envisat radar
freeboards are calculated so as to match CS2 freeboards during the period of overlap
over the whole Arctic basin, there are biases over ice types. In particular, Envisat ice
freeboards (not radar freeboards) are biased 2-3 cm low (relative to CS2) in areas
dominated by multi-year ice (MY]1), and 2-3 cm high in areas dominated by first-year

ice (FYI). We discuss the implications of these biases in Sect. 3.5.3.

While the ESA CCI data are only available from the CCI website until the
winter of 2016/17, the CryoSat-2 radar freeboards in this data are identical to the
CS2 radar freeboard product of the Alfred Wegener Institute (Hendricks and Ricker,
2019, this was manually confirmed). We were therefore able to extend our radar
freeboard timeseries through the winter of 2020/21, which is when our snow data

from SnowModel-LG (see below) ended.
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All radar freeboard data used in this study are supplied on a 25 km EASE grid
(Brodzik et al., 2012), the same as that of SnowModel-LG.

3.2.3 The Warren Climatology (W99)

The most commonly used radar-altimetry SIT products use algorithms developed by
the Centre for Polar Observation and Modelling, the Alfred Wegener Institute and
the NASA Goddard Space Flight Centre (Tilling et al., 2018; Hendricks and Ricker,
2019; Kurtz et al., 2014). Another commonly used but not publicly available product
is from the NASA Jet Propulsion Laboratory (Kwok and Cunningham, 2015). All
four groups utilize modified forms of the snow climatology assembled by Warren
et al. (1999) from the observations of Soviet drifting stations between 1954 and 1991
(henceforth referred to as W99).

While the consistent use of W99 for sea ice thickness calculation is convenient
for intercomparison of products (e.g. Sallila et al., 2019; Landy et al., 2020), the data
have a number of drawbacks. This work is centered around two key issues with the
use of W99 for SIT retrieval: inadequate representation of interannual variability

and trends.

The Warren Climatology includes quadratic fits for every month of snow water
equivalent and snow depth. We projected these fits over the 361 x361 EASE grid (for
combination with our radar freeboard data and comparison with SnowModel-LG)
to create SWE and depth distributions across the Arctic basin as defined in Sect.

(3.2.1).

3.2.3.1 Dirifting Station Coverage Illustration

At this point it is instructive to briefly illustrate the coverage of the drifting stations
from which W99 was compiled. We analysed position and snow depth data from
the twenty-eight drifting stations that contributed to W99 (Fig. 3.2a). It is clear
that the vast majority of these operated in the Central Arctic or in the East Siberian
Sea, with very little sampling done in most other marginal seas. But while these
tracks illustrate the movements of the drifting stations, it is important to note that the

stations were not always collecting snow data which would contribute to the W99
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Figure 3.2: (a) tracks of Soviet drifting stations 3 - 31. (b) Number of days in each region in
each month that snow stake measurements were taken.

climatology. To assess the spatial distribution of snow sampling, we cross-referenced
the position data with days on which the drifting stations recorded the snow depth at
their measuring stakes. We then calculated the number of ‘measurement-days’ in
each region-month combination (Fig. 3.2b). We note that when two drifting stations
were operating at the same day, we count this as two distinct days (as they were

rarely so close together so as to collect redundant data).

This reveals that no snow measurements were taken in the Barents and Kara
Seas, and none in the Laptev Sea for four of the seven winter months. While ‘snow-
line’ transect data also contributed to W99 (and indeed was used in preference to
stake data where possible), we find that snow-line data was overwhelmingly collected
on days where stake-data was also collected. As stated in Chapter 1, the transect-
based measurements were used in preference to stake-based measurements due to
improved spatial sampling statistics and because of the potential influence of the

nearby station on the stake measurements.

Figure 3.2 illustrates that the quadratic fits of W99 are not obviously appropriate
for use in several of the marginals seas. However we note that a number of authors
have still used the climatology for sea ice thickness retrievals in these regions, often
in the course of sea ice volume calculations (e.g. Laxon et al., 2003, 2013; Tilling
et al., 2015, 2018; Kwok, 2018; Li et al., 2020a; Belter et al., 2020; Li et al., 2020b).

We therefore consider these regions in this chapter, but with the understanding that
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mW99 is potentially not representative of the snow conditions.

3.2.4 The modified Warren Climatology (mW99)

The W99 climatology is by definition invariant from year to year, and was imple-
mented in this way by Laxon et al. (2003) and Giles et al. (2008a) to estimate sea ice
thickness using ERS 1 & 2. When implemented like this, the amount of snow on sea
ice exhibits no interannual variability.

The implementation of W99 was then modified by Laxon et al. (2013) based on
the results of Operation IceBridge flights which showed approximately halved snow
depth over first year ice (Kurtz and Farrell, 2011). This implementation, known as
‘mW99’, consists of halving snow depths over first year ice with snow density kept
constant. Because the areal fraction and spatial distribution of FYI changes from
year to year, this modification introduces a small degree of interannual variability
into the contribution of snow data to sea ice thickness. We investigate this in Sect.
(3.4.1.1).

The mW99 halving scheme is fairly crude. And more generally, the W99
climatology is now fairly old, predating the observed, precipitous decline in sea
ice extent. This chapter explores a more sophisticated snow product produced by a

recently developed model (SnowModel-LG; Sect. 3.2.6)

3.2.5 Ice Type Data

Sea ice type data are required to modify W99 and create mW99. One popular product
for this (e.g. Tilling et al., 2018; Hendricks and Ricker, 2019) is an operational
product from the EUMETSAT Ocean and Sea Ice Satellite Application Facility (OSI
SAF, www.osi-saf.org). However, these data begin in March 2005. This is after our
study begins (in October 2002).

A similar product exists, published by the Copernicus Climate Data Store (CDS,
www.cds.climate.copernicus.eu; Aaboe, 2020). This product’s underlying algorithm
is adopted from the OSI SAF processing chain, but has been modified to produce
a consistent record compatible with reanalysis. Furthermore, the CDS product

only assimilates information from ‘passive’ satellite radiometers, whereas the OSI



3.2. DATA DESCRIPTION 60

SAF operational product assimilates additional data from ‘active’ scatterometers.
Despite these differences, a brief comparison of the products reveals a high degree
of similarity.

It would be possible to use the CDS product prior to the beginning of the
OSISAF product in 2005, but this approach raises issues surrounding the continuity
of the products across the 2005 transition. Since our investigation focusses on trends
and variability, we prioritise a consistent record and opt to use the CDS ice type
product for the entirety of our study.

Both ice type products occasionally include pixels of ambiguously classified ice.
We implemented a very simple interpolation strategy to classify these points while
creating our mW99 data, although they are rarely present in winter within the regions
analysed in this chapter. Where the ambiguous pixels are generally surrounded by a
given ice type then they are classified as the surrounding type. In the case where the
ambiguous classification is on the boundary between the two types, the snow depth

was not divided by two.

3.2.6 SnowModel-LG

To investigate the impact of variability and trends in snow cover on regional sea ice
thickness we use the results of SnowModel-LG (Liston et al., 2020; Stroeve et al.,
2020a). SnowModel-LG is a Lagrangian model for snow accumulation over sea ice;
the model is capable of assimilating meteorological data from different atmospheric
reanalyses (see below) and combines them with sea ice motion vectors to generate
pan-Arctic snow depth and density distributions. The sea ice motion vectors used
were from the Polar Pathfinder dataset at weekly time resolution (Tschudi et al.,
2020). SnowModel-LG exhibits more significant interannual variability than mW99
in its output because it reflects year to year variations in weather and sea ice dynamics.

SnowModel-LG includes a relatively advanced degree of physics in its mod-
elling of winter snow accumulation. The model creates and merges layers based on
precipitation and snowpack metamorphism. The effects of sublimation, depth-hoar
formation and wind-packing are included. However, the effects of snow loss to leads

by wind and extra snow accumulation due to sea ice roughness are not included. Fur-
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thermore, the heat flux to the snow is not sensitive to the thickness of the underlying
sea ice. Instead, the lower boundary condition for the snow temperature is locked at
-1.0°C (Liston et al., 2020, Appendix F).

SnowModel-LG creates a snow distribution based on reanalysis data, and
the accuracy of these snow data are unlikely to exceed the accuracy of the input.
There is significant spread in the representation of the actual distribution of relevant
meteorological parameters by atmospheric reanalyses (Boisvert et al., 2018; Barrett
et al., 2020). The results of SnowModel-LG therefore depend on the reanalysis data
set used. However, the data product used has been tuned to match Operation Ice
Bridge derived snow depths during spring time, and snow depth differences between
the reanalysis products were found to be less than 5 cm (Stroeve et al., 2020a).
Tuning parameters for the precipitation forcing were developed for each individual
atmospheric reanalysis product, and calculated for each year. The average for all the
years for each product was then taken (producing two average values), and applied to
the model to generate the two outputs analysed here (One output for each reanalysis
data set Liston et al., 2020, Sect. 2.5 for more details).

We note that the vast majority of Operation Ice Bridge flights were over the
Beaufort Sea and the Greenlandic side of the Central Arctic, which is generally
covered by multiyear ice. It is therefore conceivable that the scaling factors would be
different if FYI were better sampled by OIB. The time-averaged regional differences
between SnowModel-LG runs forced by ERAS and MERRAZ2 reanalysis data are
shown in Fig. (S3). The SnowModel-LG data used in this study are generated from
the average of SnowModel-LG runs forced by the two reanalysis products. The
SnowModel-LG data are provided on the same 25 km EASE grid as the ESA-CCI
radar freeboards described above at daily time resolution. We averaged this daily
product to produce monthly gridded data for combination with the monthly radar

freeboard data.

3.2.7 NASA Eulerian Snow on Sea Ice Model (NESOSIM)

To support and broaden the impact of our findings, we repeat our analyses with

NESOSIM data from 2002-2021 (Petty et al., 2018b). NESOSIM data are released
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on a 100x 100 km grid which was interpolated to the 25x25km EASE grid of the
SnowModel-LG and radar freeboard data. NESOSIM runs in a Eulerian framework
and like SnowModel-LG can assimilate precipitation data from a variety of reanalyses
data. In contrast with SnowModel-LG’s multi-layered scheme, NESOSIM uses a
two-layer snow scheme to represent depth-hoar and wind-packed layers. To define
these layers, it assimilates surface winds and temperature profiles from reanalysis.
Wind-blown snow loss is parameterised to leads using daily sea ice concentration

fields (Comiso, 2000, updated 2017).

In this study we use data from a NESOSIM run initialised on the 15th August for
each year. The initial depth was produced by a ‘near-surface air-temperature-based
scaling of the August W99 snow depth climatology’. This is a linear scaling based
on the duration of the preceeding summer melt season. Snow density was initialised
using the August snow-line observations of Soviet NP drifting stations 25, 26, 30
and 31. Data from the most recent publicly available drifting stations were chosen to

maximise their relevance in a changing climate.

3.3 Methods

3.3.1 Contributions to thickness determination from snow and
radar freeboard data

We now identify that the height correction due to slower radar pulse propagation
in snow scales in almost direct proportion to the total mass of penetrated snow
(mg; Fig. S1). As such, it can be easily combined with the change to the floe’s
hydrostatic equilibrium from snow loading (also linearly dependent on m,) to make
one transformation to modify Eq. (3.2) such that:

SIT = f—P P 181 %1073 (3.3)

w — Vi w — Pi

Physically, the first term of Eq. (3.3) corresponds to the SIT were the sea ice
known to have no snow cover. The second term is the additional sea ice thick-

ness that is inferred from knowledge of the overlying snow cover. SIT has been
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decomposed into linearly independent contributions from radar-freeboard data and
snow data. This allows the contributions of the two data components to SIT to be
assessed independently. A derivation of the 1.81 x 107> coefficient is available in
the supplementary material.

We highlight here that our expression in Eq. (3.3) of the contribution of snow
data to SIT determination solely in terms of snow mass is technically convenient for
using W99 to estimate sea ice thickness, as quadratic fits of density (unlike depth
and snow water equivalent) are not publicly available for all months. This has led
to the required density values often being set to a constant value or ‘backed out’ by
dividing the published SWE distributions by the depth distributions.

Eq. (3.3) and its factor of 1.81 x 103 allow the simple expression of the
theoretical change to the radar freeboard under rapid snow accumulation or removal.

Making f, the subject of the equation and assuming SIT constant we find:

f,

dmy

=—1.81x107° m/kgm™?) (3.4)

We stress that the above equation assumes total radar penetration of overlying snow,
an assumption discussed in Sect. (3.5.3.1). As well as allowing independent analysis
of the radar and snow data contributions to SIT at a point, the linearly independent
nature of Eq. (3.3) in terms of f, and m; allows for a simple calculation of the

average SIT in a region (SIT) as:

SIT = RF + Snow 3.5

Where RF and Snow represent the spatial averages of the first and second terms of

Eq. (3.3).

3.3.2 Assessing Snow Trends and Variability at a point

In Sect. (3.4.1) we briefly compare the statistics for trends and variability at drifting
stations published in Warren et al. (1999) with those introduced by mW99 and
SnowModel-LG at a given point. We carry out this analysis to establish that the
mWO99 variability and trends at a given point (chosen as pixels on a 25x25 km EASE

grid) are considerably smaller than those observed at drifting stations.
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The monthly interannual variability (IAV) values published in Warren et al.
(1999) are calculated as the standard deviation of the snow depths at drifting stations
when compared to the climatology at the position of the stations. The IAV values at
a point-like drifting station in a region will therefore naturally be higher than the AV
of the region’s spatial-mean. As such, to compare IAV values from point-like drifting
stations to mW99, we calculate the [AV at individual ice-covered points on a 25x25
km equal-area grid (Brodzik et al., 2012). These are all positive values, which we
then average for comparison with the drifting stations. By regionally averaging the
IAV values of many points rather than calculating the IAV of regional averages, we

replicate the statistics of the point-like drifting stations.

However, the main part of this chapter does not focus on trends and variability
at a point (as measured by drifting stations), but instead investigates trends and
variability in Snow and SIT at the regional scale (Sections 3.4.2 & 3.4.3). This
variability is significantly lower than the typical variability at a point, as many local
anomalies from climatology within a region are averaged out in the calculation of

single, area-mean values which form a timeseries for each region.

3.3.3 Assessing Regional Interannual Variability

Sect. (3.4.2) of this chapter focuses on the interannual variability in regional SIT
which (treating RF and Snow as random, dependent variables) can be expressed thus:

027 = O2p+ 2 +2Cov(RF, Snow) (3.6)

Where the final term represents the covariance between spatially averaged radar
freeboard and snow contributions. This covariance term can be expressed as
2r X Ogm X Ogp> Where r is the dimensionless correlation-coefficient between
the variables and ranges between -1 and 1. To further explain this term, if years
of high RF are correlated with high Snow, then the covariance term will be high
and interannual variability in SIT will be amplified. If mean snow depths are anti-
correlated with mean radar freeboard across the years, interannual variability in SIT

will be reduced.
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SIT, RF & Snow were calculated where any valid grid points existed on the
25x25 km EASE grid. Because of this, no average values were computed in the
Kara Sea in October 2009 or 2012. Furthermore, no October values were generally
available in the Barents Sea after 2008 (with the exception of 2011 and 2014). The
impact of this on our resulting analysis is clearly visible in the top left panel of Fig.
(3.10). We do not exclude the Barents Sea in October from our analysis because of
the low number of valid points, but we do highlight the undersampling issue here.
We continue to consider it because we do not find statistically significant declining
trends with the data we have, so essentially we are reporting a null result. Our
calculations of interannual variability in this month is inherently adjusted for the
small sample size, but we nonetheless urge caution in interpretation of the values.
The number of grid points available for averaging in each region in each month are

shown in Fig. (S2).

The three terms on the right hand side of Eq. (3.6) correspond to the three unique
terms of the covariance matrix of the two terms of Eq. (3.5). The main-diagonal
elements of this 22 matrix correspond to the variance of the snow contribution and
the radar freeboard contribution to sea ice thickness, terms one and two of Eq. (3.6).

The off-diagonal elements are identical and sum to form the third term of Eq. (3.6).

We calculated this matrix for each region in each month to investigate the
sources of regional interannual variability in SIT for the time period under consider-
ation (2002-2021). The Central Arctic region is not sufficiently well observed by the
Envisat radar altimeter (see Fig. 3.1), so the covariance matrix for the region was

only calculated for the CS2 period (2010-2018).

In some cases a natural degree of covariance is introduced between the regional
Snow and RF timeseries because they both display a decreasing trend. This ‘false-
variance’ would not be present were the system in a steady state. As such, we
detrended the regional timeseries prior to calculation of the covariance matrix. We
found that doing this significantly decreased the value of the covariance term in Eq.

(3.6) .

‘We consider the relative contributions of these three terms to GﬁTT in calculations
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involving mW99 and SnowModel-LG (Sect. 3.4.2). In light of these results, we then

re-assess the statistical significance of regional trends in SIT using SnowModel-LG.

Detection of temporal trends in SI7 is critically dependent on accurate char-
acterisation of GszTT' This is because conventional tests for trend exploit the known
probability of a system with no trend generating the data at hand through variability
alone (Chandler and Scott, 2011, p. 61). In this chapter we argue that the (752nW
term of Eq. (3.6) has been systematically underestimated through the use of a quasi-
climatological snow data set (mW99). As an alternative to this we use the results of

SnowModel-LG, a snow accumulation model that incorporates interannual changes

in precipitation amount, freeze-up timing and sea ice distribution.

3.3.4 Assessing Regional Temporal Trends

In Sect (3.4.3) we examine temporal trends in regional SIT for each month of the
growth-season (October - April), and decompose the results by sea ice type. It is
stressed that these regional trends are each the trend of a single timeseries of spatially
averaged thickness values, rather than the average of many trends in sea ice thickness
at various pixels in a region. Regional trends were deemed statistically significant
if they passed a two-tailed hypothesis test with p-value less than 0.05, with a null
hypothesis of no trend. Trends were calculated for regional SIT over the Envisat-CS2
period (2002-2021) for all regions apart from the Central Arctic for which only CS2
data were available. We assess the relationship of these trends in SIT to trends in

RF and Snow (Fig S19).

In Sect. (3.4.1.2) we show that basin-wide average snow depth and SWE is
decreasing in SnowModel-LG in most months, but only in October for mW99. We
point out here that (under the paradigm of total radar wave penetration of snow on sea
ice) under-accounting for potential reductions in SWE may partially mask a decline
in sea ice thickness, as reductions in radar freeboards are partially compensated by
reductions in snow depths. From Eq. (3.5):

d(SIT) OJ(RF) d(Snow)

ar o1 + ot S
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Figure 3.3: Interannual variability (2002-2021) in snow depth from mW99 and SnowModel-
LG compared to the values given in Table 1 of Warren et al. (1999).

3.4 Results

3.4.1 Comparison of point-trends and point-variability

3.4.1.1 Low interannual variability in mW99 compared to drifting

stations and SnowModel-LG

How does the variability in mW99 and SnowModel-LG at a given point compare
to the values recorded at Soviet drifting stations published by Warren et al. (1999)?
These values for interannual variability are not currently used in sea ice thickness
retrievals (although they do contribute to uncertainty estimates in the ESA-CCI
sea ice thickness product). Nonetheless, they offer a benchmark against which to
evaluate the variability induced by mW99 at a given location.

Using the method described in Sect. 3.3.2 we find that the snow variability
at a point from mW99 (Fig. 3.3, blue bars) is on average about 50% of the values
recorded at the drifting stations (Fig. 3.3, green bars). By comparison, SnowModel-
LG snow depth variability at a given point is significantly higher, ranging from
~75% of the drifting station values in October to ~115% by the end of winter.

We present this analysis of the point-like snow variability to illustrate that
mW99 does not introduce enough variability at a given point to match that observed
at drifting stations from year to year. Furthermore, the variability that does exist

is confined to a distinct band of the Arctic Ocean (Fig. 3.4). This band represents
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Figure 3.4: mW99 snow depth variability at each EASE grid point over the 2002-2021
period. This is calculated by generating a timeseries of snow depth at each point
and then calculating the standard deviation of that timeseries. High variability
is displayed in a band where sea ice type typically fluctuates from year to year.
IAV is zero in areas that do not exhibit sea ice type variability, introducing
unphysically low variability in SIT.

areas where the sea ice type is not typically either FYT or MYI. Instead it is either
switching between the two, or it is an area where FYI has replaced MYI during
the period of analysis. In areas where sea ice type is temporally unchanging, snow
variability is not present. This has implications at the regional scale as marginal
seas with a consistent sea ice type experience unrealistically low Og,— in the mW99

scheme.

3.4.1.2 Lack of Temporal Trends in mW99 compared to

SnowModel-LG and in-situ data

Weak trends exist at some points in the mW99 Arctic snow distribution due to the
shifting distribution and abundance of first year ice in the Arctic. In this section
we briefly address their size, sign and veracity, leaving regional analysis until Sect.
(3.4.2).

Values for SWE and depth trends measured by individual drifting stations are
given in W99, but the values are not statistically significant for any of the winter
months, and as such are not displayed here. We instead compare the point-trends at
all color coded regions of Fig. 3.1 from mW99 and SnowModel-LG (Fig. 3.5).

We find that when we average the point-trends at a basin-wide scale, we find a
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positive, statistically significant trend (at the 5% level) for mW99 snow depth for the
month of October (+0.11 cm/yr; Fig. 3.5). This increasing trend in snow depth is in
part due to the diminishing area of October FYI relative to that of MYT (Fig. S11),
and in part due to the retreat of the October sea ice into the Central Arctic where
W99 exhibits higher snow depths and SWE. The increasing October areal dominance
of MY is in part driven by delayed Arctic freeze-up (Markus et al., 2009; Stroeve
et al., 2014). That is to say, the sea ice cover is becoming increasingly dominated
by MYI in October. The area of sea ice over which the W99 climatology is halved
in October is therefore shrinking, and basin-wide mean snow depths in mW99 are
increasing. Trends in sea ice type fraction for each winter month are displayed in Fig.
(S4), and monthly timeseries for mW99 SWE are displayed in Fig. (SS12). When
this analysis was originally performed in (Mallett et al., 2021) (from 2003-2018),
no months of Fig. 3.5 showed statistically significant negative declines; however,
updating the analysis to include 2018-2021 shows that the months of January and
February are statistically significant. The months of November, December, March

and April remain non-significant at the 5% level.

Unlike mW99, SnowModel-LG exhibits statistically significant, negative point-
trends for the later five of the seven winter months (when averaged at a basin-wide
scale). We identify two processes as responsible for this decreasing trend: the MY1
area is shrinking, so a smaller sea ice area is present during during the high snowfall
months of September and October (Boisvert et al., 2018); also freeze-up commences
later, so a lower FYI area is available in these months and more precipitation falls
directly into the ocean. Webster et al. (2014) observed a -0.29cm/yr trend in Western
Arctic spring snow depths using both airborne and in situ sources. This airborne
contributions to this statistic included data over both sea ice types, and the in-situ
contributions included data from individual NP drifting stations as well as drifting
buoys. The statistic compares well with the behaviour of SnowModel-LG (-0.20
cm/yr in March and April), but is considerably beyond the trends in W99 and mW99.

What might the effects of this decline be on SIT at regional scales and larger?

In terms of Eq. (3.7), models and observations indicate that d(Snow)/dt is negative
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Figure 3.5: Basin-wide spatial average of point-like trends in (a) snow depth and (b) SWE,
from mW99 and SnowModel-LG. Calculated for the Envisat-CS2 period (2002-
2021). Significance values (in %) are given at the base of each bar. Only October
trends for mW99 are significant at the 5% level, whereas significant negative
trends exist in SnowModel-LG for December - April.

on long timescales (Webster et al., 2014; Warren et al., 1999; Stroeve et al., 2020a).
However, the use of mW99 sets d (Snow)/dt close to zero, and to a positive value in
October. This has the effect of biasing d(SIT)/dt high (and towards zero). Section
3.4.3 examines the effect of using SWE data with a more realistic decline on regional
SIT trends; this is mediated by the effects of higher interannual variability, which is

examined in Sect. (3.4.2).

3.4.2 Realistic SWE Interannual Variability Enhances Regional
SIT Interannual Variability

Having illustrated the deficiency of point-trends and point-variability in mW99, we
now move on to the impact of snow data on SIT at the regional scale.

We calculate the interannual variability of detrended timeseries of the snow
contribution to the thickness determination (Snow) from mW99 and SnowModel-LG.
We display some of these results in Fig. (3.6). We did this for every winter month
(Oct-Apr) and for each region defined in Fig. (1). SnowModel-LG data produce
more variable timeseries of Snow (i.e. higher values of O'SZHW; c.f. Eq. 3.6). This is
the case for all months, in all regions. For snow in the Kara Sea, mW99 introduces
almost four times less interannual variability into SIT via Snow than SnowModel-LG

in the April timeseries. This analysis is further broken down by sea ice type in Figs
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Figure 3.6: Detrended timeseries of spatially averaged snow contributions to sea ice thick-
ness (Snow) by region from W99 (blue) and SnowModel-LG (red). Standard
deviation values are displayed for SnowModel-LG (lower left, red), and mW99
(lower right, blue). All regions are plotted in Supplementary Fig. (S6)

S7 and S8.

Having shown that SnowModel-LG’s contribution to SIT is more variable than
mW99, how does this increased variability propagate into sea ice thickness variability
itself (Gszl—T)? To answer this question, we must examine the way in which the snow
contribution to SIT combines with data from satellite radar freeboard measurements.
Having calculated the ngw term of Eq. 3.6 (displayed in Fig. 3.6), we now turn to
the 2Cov(RF, Snow) term. To assess this we calculate the magnitude and statistical
significance of correlations between the detrended RF and Snow contributions to

SIT in individual years, regions and months.

To do this we calculated a monthly timeseries of RF and Snow for each region
over the time-period 2002-2021 (with the Central Arctic being 2010-2018). Because
we considered eight regions and seven months, this led to to 56 pairs of timeseries for
RF and Snow. We then detrended each of them. We then calculated the correlation
between each of the pairs of detrended timeseries. We note here that the correlation
between the timeseries is dependent on their relative position to a linear regression.
These correlation statistics are thus independent of the absolute magnitude of the

values, their units, or any linear scaling of the axes. We therefore choose to present
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Figure 3.7: Covariability of contributions to sea ice thickness from radar freeboard and
SnowModel-LG derived snow components over all sea ice types. Plots are
colored with magenta when a a statistically significant correlation is present
between the contributions (p;0.95). Analogous plots are displayed for the FYI
and MYI components of the regions in Figs S9 & S10.

the correlations in Fig. (3.7) without axes and scaled to the rectangular panels, so
as to best show the relative positions of the points without extraneous numerical

information.

We find statistically significant correlations between Snow and RF to generally
range between 0.5 - 0.85 (Fig. 3.7). All statistically significant correlations were
positive ones, and this was also the case when individual sea ice types were consid-
ered for each region. When all sea ice types were considered, the Laptev and East
Siberian seas exhibited statistically significant correlations (p < 0.05) in five and
six of the seven growth-season months respectively. The Barents Sea, the Beaufort
Sea, and the Central Arctic exhibited one, two, and three months of correlation
respectively. When analysed as a single, large region, the ‘Marginal Seas’ area

exhibits correlations in six of the seven months analysed, with the strength of these
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broadly correlations increasing over the season.

We continued this analysis by breaking down the regions by sea ice type. The
area of the Central Arctic sea ice covered with first year ice exhibits relatively strong
correlations (0.75 - 0.89) from December - March (Fig. S9). The Laptev sea’s first
year ice (which is the dominant ice type) exhibits correlations for six of the seven

winter months. This figure is five for the East Siberian.

When considering correlations over multi-year ice (MY]), the ‘Marginal Seas’
grouping exhibits correlations in six of the seven winter months (Fig. S10). The
MYTI cover of the Central Arctic exhibited no correlations. We note that this analysis
is relatively sensitive to the detrending process. When performed without detrending,
statistically significant correlations are noticeably more common. This is because
Snow and RF are both in decline in several areas, which introduces an inherent

correlation from the trend.

Having identified and quantified regions and months of significant covariance
between Snow and RF (Fig. 3.7), we are in a position to fully answer the question
of how the increased Variability of SnowModel-LG over mW99 (shown in Fig. 3.6)

ultimately impacts o We plot the three contributing components to for

SI T GSI T

each region in each winter month (Fig. 3.8). We note that in the case of negative
covariability between Snow and RF, it is possible for G -+ 62 to be larger than

GS[T This is the case for one month of the winter in each of the Kara, Barents and

Chukchi Seas. This is not problematic because G —+ 6 7 does not represent a real
quantity when the variables are not 1ndependent.

In the marginal seas Gszi overtakes o 2 to become the main constituent of

SIT by end of the growth season (Fig. 3. 8) This is particularly driven by the

behaviour of the Beaufort, Kara and East Siberian Seas, where this relationship is
clearly visible. In the Central Arctic o narrowly remains the dominant component
of GS - throughout the cold season although Gm plays an increasing role as the
season progresses.

Covariance between RF and Snow makes relatively constant contributions to

GS]T of the ‘marginal seas’ grouping in comparison to the other two components,
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Figure 3.8: Constituent parts of Og;7 of different regions. Bars represent the variance (67)

of RF and Snow and the covariance between the two. (a) illustrates the absolute
variance contributions (b) illustrates their relative contributions. The variance
of Snow in mW99 is indicated in panel (a) by a superimposed black bar. Snow
contributes significantly more variability in the late winter than radar freeboard
in most of the marginal seas.
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but analysis of this grouping conceals more significant variation at the scale of
the individual group members. The covariability term of Eq. (3.6) makes a larger
contribution than radar freeboard variability itself at times, for example in the Kara
and East Siberian seas at the end-of-winter, and for the Chukchi Sea in February
and March. For the Central Arctic, the covariability term generally makes less
of a contribution to total SIT variability than radar freeboard or snow variability

individually, and is negative in the first two months of winter.

Finally, we directly compare the variability of SIT itself, when calculated using
SnowModel-LG and mW99. We conduct this exercise in both absolute terms (Fig.

3.9a) and as a fraction of the regional mean thickness (Fig. 3.9b).

Calculation of regional SIT with SnowModel-LG reveals higher variability in
all marginal seas of the Arctic basin in all months. When the marginal seas are
analysed as a contiguous entity, the mean standard deviation is 0.08 m with mW99
and 0.15 m with SnowModel-LG. This represents an increase in SIT variability
of 91%. For the Central Arctic this figure is considerably smaller, at 41%. When
the individual marginal seas are considered, the largest increase was the Kara Sea

(147%) and the smallest was the Beaufort Sea (52%).

One key aspect of interannual variability is how it compares to typical values.
When [AV is expressed as a percentage of the regional mean thickness, the Barents
Sea exhibits the largest increase when calculated with SnowModel-LG: the standard
deviation (as a percentage of mean thickness) increases from 15% to 25%. When
variability is viewed in this way, the increase in the Central Arctic is small (9.2% to
12.9%). Variability as a fraction of mean thickness is also highest in the Barents Sea
when calculated with SnowModel-LG - whereas with mW99 this designation would
go to the Beaufort Sea. When analysed as one area, variability (as a fraction of mean
thickness) in the marginal seas transitions from being 6.8% of the mean thickness to

13.8% when calculated with SnowModel-LG.

We also note that MYT exhibits more thickness variability than FYI (both
absolutely and relative to the sea ice type’s mean thickness) in all the marginal seas

(Fig. S11). For the marginal seas as a single group, MY is roughly twice as variable
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Figure 3.9: Standard deviation in sea ice thickness over the period 2002 - 2021 except for
the Central Arctic: 2010-2021 (a) calculated in absolute terms (b) calculated as a
percentage of the regional mean thickness over the period. Mean growth-season
values shown with dashed lines. The individual detrended regional timeseries
from which this figure is synthesised are available in Fig. (S12).

in absolute terms. This is not the case in the Central Arctic, where the thickness
variability of the individual sea ice types is highly similar (with FYI IAV slightly

larger when calculated relative to regional mean thickness).

3.4.3 New and faster thickness declines in the marginal seas

As well as exhibiting higher interannual variability than mW99, SnowModel-LG
Snow values decline over time in most regions due to decreasing SWE values year-

on-year. Here we examine the aggregate contribution of a more variable but declining
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Snow timeseries in determining the magnitude and significance of trends in SIT.

We first assess regions where SIT was already in statistically significant decline
when calculated with mW99. This is the case for all months in the Laptev and
Kara seas, and four of seven months in the Chukchi and Barents sea. The rate of
decline in these regions grew significantly when calculated with SnowModel-LG
data (Fig. 3.10; green panels). Relative to the decline-rate calculated with mW99,
this represents average increases of 62% in the Laptev sea, 81% in the Kara Sea, and
102% in the Barents Sea. The largest increase in an already statistically-significant
decline was in the Chukchi Sea in April, where the decline-rate increased by a factor
of 2.1. When analysed as an aggregated area and with mW99, the total ‘Marginal
Seas’ area exhibits a statistically significant negative trend in November, December,
January and April. The East Siberian Sea is the only region to have a month of

decline when calculated with mW99 but not with SnowModel-LG.

We now turn our attention to new trends that stem from the use of SnowModel-
LG over mW99 (Fig. 3.10; red panels). Our analysis reveals a new, statistically
significant SIT decline in the Chukchi Sea in April (taking the number of months
with a decline in SIT to six). The analysis of the 2002-2018 period in Mallett et al.
(2021) showed that the aggregated Marginal Seas region exhibited two new months
of statistically significant declining SIT in October and February, taking the total
number of declining months from four to six. However the updated analysis (to
2021) for this chapter indicates that statistically significant declining trends are now
present in all months for either mW99 or SnowModel-LG for the Marginal Seas
aggregated grouping. No months in any individual region exhibited a statistically

significant increasing trend in SIT (with either snow data set).

The Central Arctic region exhibited a statistically significant thickening October
trend with both snow data sets (10 cm/yr and 9 cm/yr with SnowModel-LG and
mW99) in the 2002-2018 period. However with our updated analysis (2002-2021),

the Central Arctic now exhibits no statistically significant trend in any month.

We also analyse these regional declines as a percentage of the regional mean

sea ice thickness in the observational period (2002-2021). We observe the average
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Figure 3.10: Regional SIT timeseries calculated using mW99 and SnowModel-LG. Note
different y-axis scale for Central Arctic and East Siberian Sea. Panels featuring
a statistically significant trend in sea ice thickness when calculated both mW99
& SnowModel-LG framed with green. Red frames indicate where trend is only
significant when calculated with SnowModel-LG. Where trends are statistically
significant, trend lines are superimposed.

growth-season thinning to increase from 18% per decade to 38% per decade in the
Barents Sea, 35% to 49% per decade in the Kara Sea, and 23% to 40% per decade
in the Laptev Sea when using SnowModel-LG instead of mW99. Six of the seven
growth-season months in the Chukchi Sea exhibit a decline with SnowModel-LG
of (on average) 43% per decade. This is much more than that of the five significant
months observable with mW99 (24% per decade). We find the Marginal Seas (when
considered as a contiguous, aggregated group) to be losing, on average, 28% of
its mean thickness per decade in each winter month when SIT is calculated using
SnowModel-LG (as opposed to mW99, for which the figure is 13%).

We further analyse these declining trends by sea ice type. This reveals the
aggregate trends in the marginal seas to be broadly driven by thickness decline in

FYI rather than MYI. We note that the FYI sea ice cover in the Kara and Laptev seas
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Figure 3.11: Sea ice thickness trends in the four marginal seas that exhibited robust trends
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in several winter months in the period 2002-2021. Average winter trend
(calculated only from statistically significant months) from each snow product
shown with dashed lines. Data points are only shown where a statistically
significant trend is present for that month and for the relevant snow data.
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is in statistically significant decline with either snow product in all months. The FYI
cover in the Barents Sea is also in decline for six of the seven winter months when
calculated with SnowModel-LG. We find that (when analysed with SnowModel-LG)
if any month in a specific marginal sea is in ‘all types’ decline, its first year ice is

also statistically significantly declining.

3.4.4 Changes to the sea ice thickness distribution and seasonal

growth

We now consider differences in the spatial sea ice thickness distribution introduced
by a snow product with IAV. Because mW99 has low spatial variability in its SWE
fields (the quadratic fits are relatively flat), it produces a more sharply peaked and
narrow SIT distribution with lower probabilities of thinner or thicker sea ice in the
months January - April. The SIT distribution also exhibits some degree of bimodality
due to the halving scheme. This bimodality is to a large degree represented in the
SnowModel-LG histograms - an encouraging result (Fig. S13).

The regional, seasonal growth rate is also similar when comparing calculations
with SnowModel-LG and mW99 (Fig. S14). These rates were calculated over the
period 2002-2021 with the exception of the Central Arctic which was restricted to
the period 2010-2021. Among the most salient differences are the much smoother
seasonal evolution of snow cover in the Barents Sea from SnowModel-LG and the
decline in SWE from March to April in the Kara, Laptev and Beaufort seas with
mW99 (compared to a continued increase with SnowModel-LG). In the East Siberian
and Laptev seas there is clearly a slightly lower seasonal growth rate when calculated

with mW99; this is also true to a lesser extent in the Chukchi Sea.

3.5 Discussion

3.5.1 Sensitivity of Findings to Choice of Snow Product

3.5.1.1 Choice of Climatology - Combining AMSR?2 with mW99

The most recent sea ice thickness product from the Alfred Wegener Institute (Hen-

dricks and Ricker, 2019) makes use of a new snow climatology, generated by the
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merging of W99 with snow depth data derived from the AMSR?2 passive microwave
record. This is then applied with a halving scheme based on sea ice type in a similar
way to mW99 (but with the AMSR?2 component not halved). This likely improves the
absolute accuracy of snow depths (and thus sea ice thickness), but does not resolve
the issues discussed in this chapter involving trends and variability. The modified
AMSR2/W99 climatology functions in a very similar way to mW99 - a weak IAV is
introduced in areas of interannually fluctuating sea ice type. Any trends will be the
result of trends in the relative dominance of sea ice type. This was discussed in Sect.

3.4.1.2 and illustrated in Fig. (S4).

3.5.1.2 Choice of Reanalysis Forcing for SnowModel-LG

Barrett et al. (2020) reviewed precipitation data from various reanalysis products
over the Arctic Ocean using records from the Soviet drifting stations, and found
the magnitude of interannual variability to be similar. They further broke these
data down to the regional scale using the same regional definitions in this chapter,
and found that this similarity persisted. Boisvert et al. (2018) conducted a similar
analysis with drifting ice mass balance buoys, and found the interannual variability
of the data sets to also be similar (although the authors found larger discrepancies in
magnitude). These differences in magnitude however cannot be physical (as there is
only one Arctic), and Cabaj et al. (2020) were able to bring precipitation estimates
into better alignment using CloudSat data with a scaling approach. However this
scaling approach preserved the interannual variability of the data sets, which Barrett
et al. (2020) and Boisvert et al. (2018) found to be in comparatively good agreement.
To investigate how this variability propagates into Snow variability, we calculate
Snow timeseries from SnowModel-LG runs forced by both MERRA-2 and ERA-5
data and find their variability to be very similar (Fig. S15).

With regard to trends, we find that the two different reanalysis forcings generally
introduce minimal differences in the SIT trends (Fig. S16). We do however find that
small differences in SWE cause the Snow contribution of the MERRA-2 SnowModel-
LG run to exhibit statistically signficant (p<0.05) decline in regions and months

where the ERA-5 run does not (with only a small change to the p-value). Analysis of
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the absolute Snow timeseries reveals them to be otherwise similar (Fig. S17).
We take these clear similarities as evidence that our findings are in principle

robust to the choice of atmospheric reanalysis.

3.5.1.3 Choice of Model - Comparison with NESOSIM

Some uncertainty is introduced into the spatial distribution of snow in a given year
by SnowModel-LG snow parameterisations and simplifications, such as the lack of
snow loss to leads. We therefore repeat our analyses with 2002-2015 data from the
NASA Eulerian Snow On Sea Ice Model (NESOSIM; Petty et al., 2018b).

We find that doing this increases the relative importance of snow variability
to sea ice thickness variability (Fig. S18). We also observe that the NESOSIM
calculations are considerably more similar to those done with SnowModel-LG than
with mW99. NESOSIM replicates the increasingly dominant GS,ZnW contribution to
6?17 over the winter in the Marginal seas, and also replicates the higher contribu-
tion of GI%—F in the Central Arctic compared to both the individual and aggregated
marginal seas. Striking resemblances are seen for the Kara Sea and the East Siberian
Sea. Furthermore, the negative covariances for November in the Barents Sea and
December in the Chukchi are replicated (albeit with significantly greater magnitude
in the Barents Sea). NESOSIM also replicates the negative covariances in October
and November in the Central Arctic, but also introduces negative covariance in
December (unlike SnowModel-LG).

Because the NESOSIM data is only publicly available from 2002-2015, any
underlying trends in the SIT timeseries are more challenging to detect because of
the shorter observational period (by comparison to regions where all relevant data is
available from 2002-2021). On the other hand, the calculated interannual variability
is not reduced by the shorter timeseries, further obscuring any potential underlying
trends. But despite these differences, both snow data sets produce statistically
significant decline in all months in the Laptev Sea. NESOSIM reproduces six of the
seven months of decline in the Kara Sea shown by SnowModel-LG, and three of the

five in the Marginal Seas.

Further inspection of the individual data points across all regions and months
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reveals good agreement in regional SIT when calculated with either SnowModel-LG
or NESOSIM - we take this as evidence that our findings concerning trends and
variability over the longer 2002-2021 period are robust to the choice of reanalysis-

accumulation model.

3.5.2 Study Limitations

3.5.2.1 Statistical Treatment

We have assumed in calculating single figures for variances that the interannual
variability of the systems at hand is time-stationary. It is unclear whether this is
the case, as the timeseries are limited in length and time-resolution and thus offer
limited scope to test for stationarity. Furthermore we only tested for linear trends,
when trends may in fact be non-linear. However, a visual inspection of Fig. (3.10)
implies that this approximation is adequate on a qualitative level. Our trend tests
also were two-tailed, with the null hypothesis that there was no trend. We could
have formulated an alternate test where our null hypothesis was that the trend was
positive. This would have given a higher number of statistically significant instances
of negative trends, but we deemed this inappropriate as one of the regions (the

Central Arctic) does exhibit significant positive trends with the two-tailed test.

3.5.3 Inter-Mission Bias between Envisat and CryoSat-2

An extensive validation exercise for the merged products indicated that although
Envisat radar freeboards match well with CS2 freeboards in the Arctic overall, some
biases do exist over specific ice types (Kern et al., 2018). In particular, analysis of
the inter-mission overlap period indicates that Envisat freeboards were biased low
(relative to CS2) in areas dominated by MY, and high in areas dominated by FYI.

We first make the point that this will have a relatively minimal effect on our
findings regarding interannual variability, as Snow is unaffected by this and GI%—F is
likely relatively independent of the absolute magnitude of RF.

With regard to trends, if Envisat radar freeboards (and thus RF) are in fact
biased high over FYI between 2002-2010 (relative to CS2), then the total trend in

many regions dominated by FYI could potentially be smaller than calculated in this
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chapter.

We do however add that our findings regarding the impact of declining Snow is
unaffected by any inter-mission bias in RF. Because the trend in SIT is determined
by both Snow & RF, the trend in SIT will always be more negative when calculated

with downward trending data for Snow.

3.5.3.1 The Effects of Incomplete Radar Penetration of the

Snowpack

This investigation has been carried out within the paradigm of total Ku-band radar
wave penetration of the snow cover (as suggested by Beaven et al. (1995)), however
some in situ investigations have cast doubt on this. The issue was highlighted
in an Antarctic context by Giles et al. (2008b) for ERS radar freeboards, and it
was shown subsequently that significant morphological features in the snowpack
(e.g. depth hoar, wet snow or crusts) enhanced radar scattering from within the
snowpack (Willatt et al., 2010). For the Arctic, Willatt et al. (2011) found that
airborne Ku-band radar backscatter in the Bay of Bothnia was returned from nearer
the snow-ice than snow-air interface in only 25% of cases when the temperature was
close to freezing, the figure increasing to 80% at lower temperatures. Nandan et al.
(2017) observed that the presence of brine in the base of the snowpack can raise the
scattering horizon by several centimeters. However, these investigations were often
(but not exclusively) carried out at the end of the winter season or in the Sub-Arctic,
when warmer temperatures may have increased the snow’s brine volume fraction
and diurnal forcing can drive rapid snow metamorphism. Both of these factors will
be less prevalent in the colder months of winter. This analysis is therefore carried
out using the imperfect historical assumption present in publicly available sea ice
products (that of total penetration).

What would the effects of incomplete penetration of the snowpack be on our
findings? As the height of the primary radar scattering horizon rises through the
snow, the altimeter operation transitions from that of a radar altimeter to that of a
lidar altimeter. Knowledge of overlying snow contributes positively to the inference

of SIT in the case of a radar altimeter (i.e. the coefficient of m term of Eq. 3.3 is
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positive). However, the influence of overlying snow on lidar-based SIT estimates is
negative (i.e. the presence of more snow for a given measured radar freeboard implies
less underlying sea ice). As the scattering horizon rises through the snowpack, the
SIT contribution of snow therefore decreases, reaches zero (in the top half of the
snowpack, the exact location depending on snow density) and proceeds to negative
values. The result of potential incomplete penetration for our study is that the
magnitude of the reported trend and variance underestimations is diminished. Were
our investigation based on a similarly long timeseries of lidar freeboards combined
with a snow climatology, one of our conclusions would be that diminishing snow
cover is leading to overestimation of rates of decline in the marginal seas.

We finally note the potentially confounding influence of negative freeboard in
regions such as the Atlantic sector of the Central Arctic region and the Barents Sea.
In the case of high snowfall and low sea ice thickness, the sea ice surface can be
depressed to the waterline or below. Beyond this point Eq. (5) no longer functions.
The prevalence of negative freeboards has been studied by Rosel et al. (2018) and
Merkouriadi et al. (2020), but has yet to be incorporated into any radar-altimetry
based sea ice thickness retrievals. This situation can be driven by storm tracks
entering the Arctic from the Atlantic (but also the Bering Strait). These intrusions
of warm air can also drive snow grain metamorphism, which may well affect radar

penetration through the snowpack.

3.5.4 The Impact of Enhanced Variability from SnowModel-L.G

When used instead of mW99, SnowModel-LG data increases the interannual vari-
ability of SIT in the marginal seas by more than 50%. The main way that this occurs
is though increasing oﬁnw values (Fig. 3.6). The second and less significant way

that GS%TT is increased is through some positive correlations between Snow and RF

values for individual months in some regions (Fig. 3.7). Because the two timeseries

are positively correlated in some cases, 62 is increased; for the Marginal Seas

SIT
region this covariance term makes up around 15-20% of (Fig. 3.8).

2
Osir
While values for interannual variability are given in W99, it was previously im-

possible to apply those values to either a given year or to fulfil Eq. (3.6). SnowModel-
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LG offers similar variability to the SWE statistics given in W99 (Fig. 3.3), and can
generate a yearly timeseries of values. Furthermore it can be combined with radar
freeboard data to generate all terms of Eq. (3.6) for a direct calculation of GSZTT'
Comparing our IAV values to the literature is challenging due to differences
in the area over which other authors have calculated IAV values. Haas (2004)
investigated the interannual variability of an area within the Transpolar Drift in the
Central Arctic and Northern Barents Sea, and found a 0.73 m standard deviation.
This is considerably higher than the values determined in this study, although this
data was collected by electromagnetic sounding in late summer over a ten year period
that does not overlap with this analysis. Laxon et al. (2003) defined a ‘region of
coverage’, which essentially consisted of the marginal seas considered in this analysis
with the addition of some areas of the Canadian Archipelago and the Greenland sea.
The authors found a variability of 0.24 m using W99 in this region of coverage over
an eight year timescale. Unlike Haas (2004), this value is lower than our findings
using either mW99 or SnowModel-LG. Similar to Haas (2004), the time period is
considerably shorter and the geographical area is not identical. Finally, Rothrock
et al. (2008) found interannual variability in SIT to be 0.46 m over a twenty-five year
period (1975-2000), using submarine records from a variety of Arctic regions. It is
likely that the values in these studies differ due to the unequal spatial extent over
which the AV was calculated; averaging over a larger area reduces the IAV due to

the averaging out of local anomalies.

3.5.5 The Impact of New and Steeper Trends in Mean Sea Ice
Thickness

The replacement of multiyear ice with first year ice has been documented to be
reducing Arctic-mean SWE on sea ice in spring (Webster et al., 2014). However,
progressively later freeze-ups in the Arctic are also likely driving a reduction in mean
SWE in the early cold-season. This is because sea ice covers a relatively smaller area
in the high precipitation months of September and October. When the sea ice area
then expands with the progression of the growth-season, the newer sea ice has not

been exposed to this snowfall. This mechanism is not accounted for in mW99, and
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as such snow depths do not decrease at a statistically significant level in any month.

In this study we have assessed how these negative trends in Snow propagate
through into trends in SIT. In every area where a statistically significant decline in
radar freeboards is observed, a statistically significant decline in SnowModel-LG
SWE is also observed (Fig. S19). In addition to this, SnowModel-LG also exhibits
Snow decline in other months in the Beaufort and Barents Sea. As such, reductions
in Snow usually act in concert with observed reductions in RF, amplifying decline in
SIT. This relationship is illustrated by the fact that several months in several regions
do not exhibit either a statistically significant decline in RF or Snow (Fig. S19),
but despite this they do exhibit decline in SIT (Fig. 3.10). We note here that this
‘co-decline’ in Snow and RF is separate to the covariability presented in Sect. 3.4.2

and Fig. 3.7, as that was calculated from detrended data.

Because SnowModel-LG data feature a steeper decline in Snow than mW99, a
steeper decline is observed in the SIT of several regions. However, SnowModel-LG
Snow contribution to SIT also exhibits significantly more variability, which acts to
reduce statistical significance of SIT trends. Despite this compensating effect, the
statistical significance of trends in SIT were generally greater than those calculated
using mW99. Furthermore, statistically significant trends emerged in new months

and new regions.

Kwok and Rothrock (2009) analysed 42 years of submarine records and the
five year ICESat record. However, it is challenging to draw comparison with our
results, as trends were gleaned from submarine track crossings and by comparing
the thickness difference between the period of submarine observation and that of
ICESat observations. Difficulty in comparison is further compounded by differences
in regional designation and the area of the submarine data release (which is generally
confined to the Central Arctic region where the radar altimetry timeseries is at best
limited to the CryoSat-2 era). This is also the case for the updated analysis of Kwok
(2018), who seasonally adjusted mean thickness values to match crossover points in

submarine tracks in time and space.

Our findings of enhanced interannual variability and steeper decline have im-
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plications for Arctic stakeholders and the deployment of human infrastructure. The
marginal seas are heavily used for the shipping of goods along the Northern Sea
Route in summer (Eguiluz et al., 2016) and provide the setting for potential extraction
of natural resources (Petrick et al., 2017). Furthermore, the season during which
vessels may traverse the Northern Sea Route is lengthening. Higher variability in sea
ice thickness may pose a challenge to the planning of this seasonal travel, particularly
with regard to the need for ice-strengthened escorts for conventional vessels (Melia
et al., 2017; Cariou et al., 2019). The enhancement of declining trends where they

exist is perhaps of benefit these industries.

3.5.6 The interannual relationship between radar freeboard and

snow depth

We finally consider the physical mechanisms behind positive or non-significant
correlations between Snow and RF displayed in Fig. (3.7). Assuming total radar
penetration of the snow cover, as snow accumulates on sea ice it should lower the
local radar freeboard by a distance on the order of half its accumulated height (Eq.
3.4). This lowering is a result of physical depression of the sea ice surface and
an increase in the radar ranging due to slower radar wave propagation in snow (in
approximately a 60:40 ratio). Over short time scales (days to weeks), this would
result in a negative correlation between local snow depth and local radar freeboard.
This corresponds to a negative covariability term in Eq. (5) and is represented by
purple bars in Fig. (3.8). Negative values are generally not seen, with the exception
of October and November in the Central Arctic, November in the Barents Sea and
December in the Chukchi and Kara seas. Furthermore, snow is a highly insulating
material and its accumulation limits sea ice thermodynamic growth. This would also
bring about a negative correlation between snow depth and radar freeboard, lagged
over a period of weeks.

The lack of negative correlations between RF and Snow from year to year is
likely indicative of the timescale of our analysis. If present, the negative correlation
implied by Eq. (3.4) and the mechanisms above must only be present on shorter

timescales (e.g. days). So what drives the positive correlations between RF and
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Snow where they exist? One driver over FYT is likely sea ice age. Sea ice formed at
the beginning of the season has a longer time to (a) grow thicker, and (b) accumulate
snow. Both variables are therefore likely controlled by regional freeze-up timing,
explaining the correlation. The combined evolution of Snow and RF anomalies as a
function of regional freeze-up timings is likely to be the subject of future study. The
relationship between MY]I radar freeboards and accumulated SWE may also form an

avenue for further study.

3.6 Summary

In this chapter we used a novel approximation for the slowing of radar waves in snow
to decompose the conventional method for estimating sea ice thickness into two
contributions: one originating from radar freeboard data (from satellite altimeters),
the other from snow data of varying provenance.

This allowed a regional assessment of the conventional impact of snow on
variability and trends in sea ice thickness. We then used a new snow data set (from
SnowModel-LG) with a more realistic magnitude of interannual variability and
trends to calculate the regional sea ice thickness timeseries.

We found that interannual variability in average sea ice thickness (GSZTT) of
the marginal seas was increased by more than 50% by accounting for variability in
the snow cover. On a seasonal timescale we find that variability in the snow cover
makes an increasing contribution to the total variability of inferred sea ice thickness,
increasing from around 20% in October to more than 70% in April.

We also observed that the trends in SnowModel-LG data propagated through to
the SIT timeseries, amplifying decline in regions where it was already significant,
and introducing significant decline where it did not previously exist. This occurred

in spite of the compensating effect of enhanced interannual variability.



Chapter 4

A simple model for the sub-kilometre
snow depth distribution derived from

transect data

This chapter is based on the following publication:

Mallett, R.D.C., Stroeve, J.C., Tsamados, M., Willatt, R., Newman, T., Nan-
dan, V., Landy, J.C., Itkin, P., Oggier, M., Jaggi, M. and Perovich, D.K. (2022).
Sub-kilometre scale distribution of snow depth on Arctic sea ice from Soviet drifting

stations. Journal of Glaciology, 1-13

4.1 Introduction

This importance of snow on sea ice was introduced in Chapter 1, and its key role
in altimetry was explored in Chapters 2 & 3. This role in particular has driven the
development of a range of modelling and remote sensing approaches to accurately
characterise the snow cover (see Zhou et al., 2021, for intercomparison of several
products). Satellite remote sensing approaches (e.g. Rostosky et al., 2018; Lawrence
et al., 2018) are generally limited by their low (multi-kilometre) spatial resolution,

which has the effect of averaging out kilometre and sub-kilometre scale variability.
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Modelling approaches (e.g. Petty et al., 2018b; Liston et al., 2020; Stroeve et al.,
2020a) have similar limitations, with grid resolutions not falling below tens of
kilometres. This in part reflects the coarse spatial resolution of standard atmospheric

reanalysis and sea ice drift products.

This lower-bound on spatial resolution is a significant barrier to scientific
progress, as the effects of snow on fluxes and sea ice thickness retrievals cannot
be characterised solely by the mean snow depth in a grid-cell of a traditional data
product (Iacozza and Barber, 1999). To account for the observed variability of snow
depth on scales below a grid-cell (e.g. Farrell et al., 2012), a sub-grid scale snow
depth distribution must be employed (see Petty et al., 2020; Glissenaar et al., 2021,
for impacts on sea ice thickness retrievals). For instance, the amount of shortwave
solar radiation incident on the ice surface in a multi-kilometre grid cell is sensitive
to the fractional coverage of snow that is optically thin (<~0.15 m for dry snow;
Warren, 2019). This area cannot be straightforwardly gleaned from modelling or

satellite observations of the mean snow depth in the grid cell (Stroeve et al., 2021).

In the example above, the area of optically thin snow within a larger area
of snow with given mean depth will be primarily dictated by wind redistribution
(Moon et al., 2019). Snow is dynamically transported through wind suspension and
saltation and is eroded and deposited heterogeneously around any ice topography
such as ridges and hummocks (Sturm et al., 2002a; Chung et al., 2011). Furthermore,
turbulence-induced features such as sastrugi introduce depth variability even on level
ice (Eicken et al., 1994; Massom et al., 1997). The probability of snow transport and
redistribution is dependent on its bulk and microstructural properties such as density
and bond-radius (Filhol and Sturm, 2015). The combination of these factors makes
deterministic modelling of snow redistribution a major challenge when the local ice
topography is not known to a high level of detail (e.g. Liston et al., 2018), which is
generally the case on sea ice. Because of this limitation on deterministic modelling,
in this chapter we instead aim to derive a statistical model for the snow depth
distribution. The model is trained on the large number of snow depth measurements

taken at Soviet drifting stations, and requires only the mean snow depth to generate
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a distribution.

4.1.1 Snow transects from Soviet drifting stations

We analyse the results of snow depth transects performed at Soviet North Pole
(NP) drifting stations between 1955 and 1991 (Figures 4.1 & 4.2). These were
crewed stations that drifted year-round in the Arctic Ocean while measuring a range
of atmospheric, oceanographic and cryospheric parameters on what was generally
multi-year sea ice. In particular we examine 33539 snow depth measurements from
499 transects from NP stations 5 - 31. Snow transects did not begin until NP 5, and
the NP program was halted in 1991. While it was restarted in 2003, these data are
not publicly available.

Snow depths were measured every 10 m along a line of either 500 or 1000 m in
length when snow depth was at least 0.05 m and more than 50% of the surrounding
area was snow covered based on a qualitative assessment. 166 transects were around
500 m long and 333 were around 1000 m long, with transects prior to 1974 generally
being 500 m long (Fig. 4.2b). The vast majority of transects were of the exact length
specified above, however around 6% of transects were slightly shorter by around
10%: it is unclear why this was the case, however the operational challenges of
Arctic research (e.g. ice dynamics, polar bears, severe weather) may explain this.
The direction of the line was chosen randomly but did deviate where hummocks were
present, and was at least 500 m from the station at its closest point. We note that this
deviation around hummocks may introduce a bias in the snow depth measurements
to sample more level ice with thinner snow. Where successive transects were taken
at the same station, each was offset by 3 m from the previous line. This was do avoid

the disturbance of snow caused by walking along the snow line (Warren et al., 1999).
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Figure 4.1: Map indicating the locations of snow transects used in this study. Small purple
dots indicate locations of transects taken at Soviet North Pole drifting stations.
Pink circles and green pentagons indicate transects taken on the SHEBA and
MOSAIC expeditions respectively. Orange square indicates the locations of the
AMSR-Ice transects, which would not be individually well-resolved on the map.
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Figure 4.2: (a) Operational periods of the Soviet ‘North Pole’ (NP) stations contributing
to this study. Bars at top indicate the time period between the first and last
snow depth transect of the station. Solid circles indicate mean snow depth of
transects, with vertical bars indicating one standard deviation in snow depth (b)
The number of transects measured by each station, broken down by transect
length (500m vs. 1000m). (c) Number of transects measured by each station
broken down by summer (May-Sep) and winter (Oct-Apr).
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4.2 Method

We now present a method for transforming an estimate of mean snow depth (from
remote sensing or modelling) into a distribution of snow depths. We first characterise
the linear relationship between the standard deviation of snow depths measured
along a transect and the mean of that transect (Fig. 4.3a). This ratio is known as the
coefficient of variation (CV; Brown, 1998). When a linear regression is performed
(and forced through the origin), the root-mean-square of the residuals is 0.032 m,
meaning that the standard deviation of the transect depths can be predicted with this
standard-error where the mean is known. For every 1 m increase in the mean snow

depth, we find the standard deviation of the snow depths to increase by 0.417 m.

0, =0.417xD 4.1)

where o, is the standard deviation of snow depth in a transect, and D the mean
depth of the transect. In the above equation 0.417 represents the coefficient of
variation. This was calculated using all depth 33,539 depth measurements in all
seasons, and the relationship is strongest June - August and weakest December -
March (Fig. S28). All NP station snow depth measurements are then converted into
depth-anomalies from their respective transect means. We then divide all measure-
ments by the standard deviation of their respective transects. These anomalies can
then be plotted as one distribution (Fig. 4.3b). To this distribution we fit a skew

normal curve.

Our skew normal distribution function is defined following O’Hagan and

Leonard (1976) and Azzalini and Capitanio (1999) such that:

ax

1 2 _0,-¢
f(a,éj,w,ob)_—wm <l—|—erf<\/§)>e where x = 22— (4.2)

with a being the skewness parameter, £ being a location parameter, ® being a
scaling parameter, and erf being the error function. Through fitting a skew normal

curve using the technique of maximum likelihood estimation (Richards, 1961), we
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find the best-fit values of the three parameters to be a = 2.54, £ =-1.11, ® = 1.50.

We repeat this process for the winter and summer seasons individually (October-
April, May-September). While coefficient of variation is slightly larger in summer
(Fig. 4.3c), the shape of the summer probability distribution does not depart greatly
from the winter distribution (Fig. 4.3d). This seasonal difference in the coefficient
of variation is relatively small compared to the uncertainty and residuals in the
regression, and as such we opt for a singular analysis, considering all transects from
all months. Here we point out that in summer a measurement bias is introduced in
the form of a ‘surface scattering layer’ (e.g. Polashenski et al., 2012), which forms
at the snow-ice interface and can be penetrated by a probe despite being formed of
ice rather than snow. Because this would theoretically increase the mean but not
the standard deviation of depth measurements along a transect, it would introduce a
low-bias on the CV in summer. In reality, we see the summer CV being larger than

in winter.

A full breakdown of Fig. 4.3 by the four meteorological seasons is given
in Supplementary figures S28 & S29. The coefficient of variation appears appro-
priate for all four seasons (Fig. S28), although it is slightly too high in Septem-
ber/October/November, and slightly too low in March/April/May (relative to the
annual mean in Fig. 4.3a). It is noticable also that the correlation between a transect’s
mean depth and its standard deviation is stronger in the six months of June - Novem-
ber (compared to December - May). This is contrast to the fit of the skew-normal
distributions in the individual seasons (Fig. S29), where the six month December -
May matches the annual mean better than June - November. In particular, the Septem-
ber/October/November distribution is more skewed than the ‘Full Year’ distribution,
and the skew-normal fit appears to not be entirely appropriate for March/April/May

data.

The above method allows the standard deviation of the snow depth to be es-
timated from the mean snow depth (Fig. 4.3a). When both of these quantities are
known, a statistical model for the snow depth distribution may be calculated using

the skewed normal curve shown in Fig. 4.3b.
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Figure 4.3: (a) Relationship between a transect’s mean snow depth and the standard de-
viation. The slope of the regression (forced through the origin) is 0.417, the
root-mean-squared-residual is 0.032 m, and the Pearson correlation coefficient
(r value) is 0.66. A visualisation of the point density of this panel is given in
Supplementary Fig. S27. (b) The probability density of a snow depth being
measured such that it is a given number of standard deviations from the mean of
the transect. The empirical distribution is given in red from drifting station data
and a skew normal curve is fitted in black. (¢) Same as a, but with individual
regressions for winter and summer transects. (d) same as b, but with individual
probability density distributions for winter and summer transects. The two
seasonal skew normal fits (black) are visually indistinguishable.

For instance, if the mean snow depth is assumed to be 0.5 metres, then the

standard deviation of the snow depth distribution is estimated using Eq. 4.1 such that

0, =0.209 m + 0.032 m. Transforming the x coordinates of the distribution in Fig.

4.3b from units of standard deviations to units of snow depth (using the coefficient of

variation), it can be inferred (for example) that the probability of randomly sampled

snow of depth less than 0.3 m is 17%, and the chance of sampling snow deeper than

1 metre deep is 1.8%.

For calculations of light flux through thin snow, it may be found that for snow

with a mean depth of 0.5 m, the probability of snow depth being less than 0.15 m is

2.3%. In contrast, this probability for snow with a mean depth of 0.25 m is 16.6%.
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4.2.1 Choice of Skew Normal Distribution

Several authors have characterised terrestrial snow depth distributions with other
curves than the skew normal, such as log-normal (Donald et al., 1995; Pomeroy
et al., 1998; Marchand and Killingtveit, 2004) or gamma distributions (Skaugen,
2007; Egli et al., 2012). Luce and Tarboton (2004) and Kuchment and Gelfan (1996)
applied both, with the latter finding the log-normal distribution to provide a superior
fit. However, this comparison was over a significantly larger area (basin-scale
rather than sub-kilometre). In contrast, Skaugen and Melvold (2019) and Gisnas
et al. (2016) observed that the gamma distribution offered an improved fit over a
log-normal fit.

We find that the skew normal curve provides a marginally better fit to the data
than both the log-normal and gamma distributions (Fig. 4.4). We first characterise
the goodness of fit of these distributions using the one-sample Kolmogorov-Smirnov
test. The test statistics for all three distributions result in extremely small p-values,
indicating that none of the distributions fully capture the observed data. However, the
test statistic is largest for the gamma and smallest for the skew normal distribution,
with the p-value being smallest for the gamma distribution, and largest for the skew
normal distribution. This indicates that the skew normal distribution is the best of the
three fits to the data, and the gamma the worst. For completeness, we also calculate
the RMSE of the observations against the best-fit of all three distributions in bins of
0.1 standard deviations of snow depth. We again find that the skew normal curve
performs best, and the gamma distribution worst (Fig. 4.4b). We note that that the
improved performance of the log-normal fit over the gamma distribution is not a
contradiction of previous work with the opposite findings (e.g. Skaugen and Melvold,
2019; Gisnas et al., 2016), as these studies concerned terrestrial environments where
meteorological forcing, surface topography and snow properties are different.

All three of the above distributions have the same number of fitting parame-
ters. Because of the superior goodness-of-fit, we therefore use the skew normal
distribution in this chapter. However, we also provide the best-fit parameters for the

log-normal and gamma distributions in the supplementary material.
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Figure 4.4: (a) The best-fit curves of the skew normal, log-normal and gamma distribu-
tions. The log-normal and gamma distributions have historically been fitted
to terrestrial snow depth distributions, however we find that the skew normal
distribution provides a superior fit to our data. (b) The RMSE and one-sample
Kolmogorov-Smirnov test statistics. Both metrics for goodness of fit indicate
that skew normal has the best fit, and gamma the worst. The quantities of
Probability Density, RMSE and the K-S Test statistic have the same units as the
number of standard deviations, which is unitless.

4.3 Results

4.3.1 Cross-validation

We now evaluate the consistency of our snow depth distribution model with a leave-
one-out-cross-validation (LOOCYV) approach (Stone, 1978). To do this we select a
single transect and recalculate the skewed-normal curve using the remaining 498
transects. We then assess the goodness-of-fit of the curve against the selected transect.
This is performed iteratively for each transect such that 499 goodness-of-fit statistics
are generated. We calculate the goodness-of-fit using the root-mean-square error
(RMSE) for the fitted probability distribution and that of the transect, using ten

equal-width depth bins that span from 0 m to the maximum depth measured.

This cross-validation exercise allows for the estimation of model skill as a
function of different variables, such as the transect’s length, its mean depth and the
month in which it was performed (Fig. 4.5a - ¢). We also investigate whether the
snow depth distribution of a transect can be better predicted with the NP Station

based model presented here (the ‘NP model’) when its corresponding station has
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Figure 4.5: (a) Histograms of the RMSE for long transects (1km) and short transects (500m)

separately. (b) RMSE of the NP distribution against observed transects shown
as a function of transect mean depth. (c) NP distribution RMSE as a function of
month. ‘n’ indicates the number of transects contributing to the model from that
month (d) Mean RMSE of all transects at a given station, shown as a function
of the number of transects at that station. RMSE values are unitless as they
represent the error in a probability distribution.

contributed many other transects to the distribution (Fig. 4.5d).

We first show that the NP model’s skill is very similar when applied to both long
and short NP transects (Fig. 4.5a). The mean RMSE for long and short transects is
0.053 and 0.057 respectively (a difference of 7%). This similarity is to be expected,
with the difference likely reflecting the more incomplete sampling of the local snow
depth distribution by a shorter transect. We also show that the skill of the NP
distribution is relatively independent of the depth of the transect. The skill of the
model is maximal for snow distributions with means in the range of 0.2 - 0.4 m.
Transects where the model exhibited lowest skill had very shallow depths (<0.1 m).
In this category the model’s skill is halved relative to the 0.2 - 0.4 m range (which

represents 69% of all transects). This mean-depth dependent skill reflects the relative
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representation of transects that contribute to the NP model: the model performs best
when predicting transects similar to those on which it was trained (Fig. 4.3a).

The model’s skill is relatively insensitive to the month of the year with the
exception of July and August (Fig. 4.5¢). In these two summer months its skill is
diminished with the RMSE being on average 67% higher in these two months by
comparison to the average of the other months. Again, this is ostensibly a reflection
of the low contributions of these months to the total number of transects: July and
August contribute three and six transects to the NP model respectively, whereas the
other months on average each contribute 49 transects. Low skill in these months is
also likely a reflection of the snow depths being lowest, which is also associated with
low skill (see Fig. 4.5b). It is also noticeable that the deepest snow conditions also
exhibit low skill.

We finally address the potential lack of independence between successive
transects at the same station. Our LOOCYV approach assumes that by not training the
model with the transect being validated against, the validation transect is independent.
But the potential exists that information about the validation transect enters the model
through previous and subsequent transects at the same station that are included. If
successive transects are strongly related, we would expect stations that contribute
more transects to the model to have their transects perform better in the LOOCV
exercise. Application of the non-parametric Spearman’s Rank test for correlation
reveals no statistically significant relationship (p<0.05) between the number of
transects contributed by a station to the model and the mean or median RMSE of its
transects in the LOOCYV exercise (Fig. 4.5d). This supports the premise that LOOCV

is an appropriate tool with which to evaluate the skill of the NP model.

4.3.2 Evaluation against MOSAiC Measurements

We compare our regression and fitted curve (Fig. 4.3a, b) against the snow surveys
taken on the MOSAIC expedition using a magnaprobe (Figs 4.6, 4.7 Itkin et al.,
2021). To do this we select snow suveys of the “Northern Transect” (Nicolaus et al.,
2022), which predominantly consisted of second-year ice.

We first note that the NP-based coefficient of variation (CV) is lower than
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Figure 4.6: (a) Snow depth variability for a given mean depth was larger on the MOSAiC
transects than on average for the NP stations. Regression for NP station data
shown in red, MOSAIC transects in blue. (b) Because the depth variability is
lower in the NP model, the probability distribution in standard deviation space
is wider (as the standard deviations themselves are smaller).

that observed on the MOSAIC transects (Fig. 4.6a). The effect of this is that the
width of the modelled depth distribution is too high in standard-deviation space
(Fig. 4.6b), i.e. the NP model distribution is insufficiently ‘peaked’. Symptoms
of this are underestimation of the two modal bins (relative to the MOSAIC data),
and overestimation of the low tail probabilities. This extra width can be understood

because the standard deviations are themselves smaller.

Despite this bias, the NP model generally provides a good fit to the individual
MOSAIC transects (Fig. 4.7). The skewness parameter of the NP model (a = 2.54)
is smaller than when a skew normal fit is applied to the MOSAIC transects (a =
6.4). This results in the modal depth bin often being overestimated by the NP model
(Fig. 4.7). For clarity, the skewness parameter (a) of the skew normal distribution is
different to the commonly calculated sample skewness (), although both quantities
consistently have the same sign. We calculate and report the sample skewness for

the NP data and all evaluation data in Supplementary Figure S30.

A corollary to this underestimation of skewness by the NP model is that that
where the modal bin is overestimated by the model, the probability (or fractional

coverage) of the depth bin is underestimated. This can be seen (for example) in the
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panel of Fig. 4.7 corresponding to January 30™. The skewness parameter of data in
this panel is 13.7, higher than that of the NP model. This results in the model’s modal
depth bin being one too high (0.2 - 0.25 m vs 0.15 - 0.20 m), and the probability of
the modal bin being 3.5% too low. However, we recognise that the binning process
involved in this comparison places a lower resolution limit on any comparison of
modal values. As such, we also compare the modal value of the NP model with that
of a skew normal curve fitted to each magnaprobe transect (Supplementary Fig. S31).
We find that, similarly to Fig. 4.7, the modal depth of the NP model is higher by
comparison to the mode of the skew normal curve of best fit to the observations. This
discrepancy grows over the winter from 0.027 m at the start of October to 0.095 m by
the end of February. We stress that although a precise number can be determined for
the difference in the mode of the NP model and the observationally-derived curves,
the curve-fitting process to the magnaprobe observations does not necessarily fully
capture the underlying data, particularly with regard to the position of the modal
value.

The fractional coverage of shallow snow is a key parameter for energy flux
modelling, so is now given specific consideration. We find the NP model underesti-
mates the coverage of thin snow (<0.10 m) in early winter (end of October - mid
December) with respect to MOSAiC observations. The observed coverage is 6.1%,
and the NP model produces a coverage of 4.3%. After mid December the model
begins to overestimate the thin snow coverage. On average it was observed to be
1.5%, and modelled to be 2.1%, an overestimate by 0.6 percentage points. With
regard to heat fluxes, an overestimation of the thin snow coverage would lead to
an overestimate of the heat flux from the ice to the atmosphere (and accompanying

overestimation of sea ice growth rate).
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Figure 4.7: Winter evolution of the snow depth distribution on the MOSAiC Northern
Transect (blue histograms, 0.05 m bins). The modelled depth distribution
described in this chapter shown in red. Top right: plots of the fourteen transects
contributing to the MOSAIC evaluation exercise, with panel coordinates being
the relative coordinates of the floe with the research vessel Polarstern at the
origin orientated upwards).
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4.3.3 Evaluation against SHEBA Measurements

We now evaluate our model using snow depth transect data from the Surface Heat
Budget of the Arctic (SHEBA) expedition (Uttal et al., 2002; Sturm et al., 2002a).
Snow transects were taken over a variety of ice types during the SHEBA expedition,
and here we opt to compare our model to transects taken in the ‘Atlanta’ and
‘Tuktoyaktuk’ (henceforth ‘Tuk’) areas which were dominated by multi-year ice
(for best comparison with the NP data). These areas were described using ice-class
codes, and were indicated as 2-3 and 4 respectively. Class 2 indicates ‘Refrozen
melt ponds’, 3 ‘Hummocky’, and 4 ‘Deformed’ (Sturm et al., 2002a). Snow depths
were initially measured with a marked ski-pole, with a prototype magnaprobe being
used later. While the NP-model provides a good fit to the Atlanta transects, it is less
appropriate for Tuk transects (where the RMSE is on average doubled compared to

Atlanta).

4.3.3.1 Atlanta Transects

We find the coefficient of variation to be very similar between the SHEBA and NP
transects (Fig. 4.8a). Removing transects from the high-melting month of July from
the SHEBA data marginally improves this agreement, but not greatly relative to the
uncertainty in the regressions. We note that no transects were taken in the Atlanta
region in August.

Unlike the coefficient of variation, the agreement of the snow depth distribution
is clearly improved by removing July transects from the SHEBA distribution (Fig.
4.8b). We attribute this to strong alteration of the snow depth distribution by melt
ponds in this month, which developed at the site in the second half of June (Webster
et al., 2015). Outside of this period the snow depth distribution is primarily dictated
by wind redistribution, but within the period it is dictated by the production of
liquid water at the surface of the snow, consequent runoff and potential melt pond
formation.

The poor performance of our model in July and its association with intense
snow melting is shown in Fig. 4.8c. After strong melting (decreasing snow depth) in

June, the snow depth distribution begins to diverge from the NP model during the
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Figure 4.8: (a) Relationship between the mean snow depth and standard deviation of the
snow depth on SHEBA ‘Atlanta’ transects (blue scatter). Linear regressions
through the points are shown both including and excluding data points from July
and August (blue solid and black dotted lines respectively). Linear regression
from all NP transects shown by red line. (b) The snow depth distribution on
the SHEBA ‘Atlanta’ transect excluding July and August (blue) and from NP
stations (red). The SHEBA fit from all transects including July and August
shown by black dotted line. (c) Time evolution of the error in this chapter’s
model (blue scatter). RMSE is higher during July and August than in other
months, which coincides with melted snow (depth in orange scatter).

transition from June to July, and increases throughout July.

4.3.3.2 Tuk Transects

The NP model performs considerably less well when applied to Tuk transects (Fig.
4.9). Unlike Atlanta, the standard deviation of snow depth on Tuk transects is
significantly underestimated by the NP regression. Furthermore, the skew-parameter
of the NP model (a = 2.54) is less than half that of a skew normal curve fitted to the

Tuk transects (a = 6.27). The corresponding value for Atlanta is 2.9.

It is striking that the mismatch in the skewness parameter for the Tuk transects is

slightly smaller than the MOSAIC transects, but the model-observations mismatch is
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much larger. Furthermore it is notable that although the skewness of the Tuk transects
is larger than the NP model, the NP model still does a good job of predicting the
modal depth bin. We would expect the modal bin to correspond to snow depth that is
too deep where the skewness is underestimated (see Fig. 4.7). These features are
explained by the fact that a skew normal curve cannot be easily fitted to the Tuk
transects in standard deviation space (Fig. 4.10).

To illustrate, we display the transect data alongside the best possible skew
normal fit (not involving the NP data) to the data. The agreement is good for the
Atlanta and MOSAIC data sets, but noticeably less good for the Tuk data (Fig. 4.10).
This indicates that unlike the MOSAIiC northern transects and the SHEBA Atlanta
transects, the SHEBA Tuk transects do not display a skew normal distribution of
snow depths.

We attribute the deviation of the Tuk data from the skew normal distribution
to the highly deformed nature of the ice relative to that seen at Atlanta and the
MOSAIC northern transects, and at most of the NP stations. Firstly we point out
that over strongly deformed ice the wind dynamics may cause snow to be distributed
differently. Secondly we raise the fact that NP transects deviated around highly
deformed ice such as that dominating the Tuk transects. There is a related sampling
bias for the MOSAIiC Northern transect, because the transect layout was chosen such

that a snowmobile could drive around it.
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Figure 4.9: (a) Relationship between the mean snow depth and standard deviation of the

snow depth on SHEBA ‘Tuk’ transects (blue scatter). Linear regressions through
the points are shown both including and excluding data points from July and
August (blue solid and black dotted lines respectively). Linear regression from
all NP transects shown by red line. (b) The snow depth distribution on the
SHEBA ‘Tuk’ transect excluding July and August (blue) and from NP stations
(red). The SHEBA fit from all transects including July and August shown by
black dotted line. (c) Time evolution of the error in this chapter’s model (blue
scatter). RMSE is significantly higher during July and August than in other
months, which coincides with melted snow (depth in orange scatter).
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4.4. DISCUSSION 110

4.4 Discussion

4.4.1 Negative Snow Depths

The use of a skewed normal distribution results in a small fraction of negative
snow depths. The total fraction is relatively constant at 0.1% in the 0 - 0.50 m
range of mean snow depths. Above this range, it transitions to a linear decline with
increasing mean snow depth, dropping below 0.075% for snow depths larger than 2

m (Supplementary Fig. S32).

Because the fraction of negative snow depths does not exceed 0.1%, we treat
it as negligible in our analysis. However, if this distribution were implemented
in a snow-conserving model it would be necessary to modify the low-tail of the
distribution. This could be done by merging the distribution with an exponential
curve at low values, or by truncating it at zero and redistributing the coverage so
that the area under the probability distribution is unity. In the redistribution case,
it would be possible to either scale the whole curve by a small amount, or instead
preferentially add the ‘lost’ coverage to the low-end of the distribution. We stress
however that the effect of this would be extremely small (and not noticeable in the
analysis of this chapter), and so is only necessary for applications where snow must
be precisely conserved. For completeness we point out that when a log-normal
distribution is fitted to the data in Fig. 4.3a (instead of a skew normal), the fraction of
negative snow depths is a similar function of the mean depth as in the skew normal

case, but around 100 times smaller in magnitude.

4.4.2 Potential for Application to First Year Ice

No multi-station data similar to the NP transects exist for first year ice (FYI). This
is in part because first year ice cannot be drifted on for long before experiencing a
melt season, but also because FYI is thinner and more liable to break up, making
crewed research installations difficult to establish. Because of these difficulties, it is
natural to wonder whether the NP snow depth distribution can be applied to FYI and
with what uncertainty. To investigate this we apply the NP model to FYI snow depth
transects taken on the AMSR-Ice03, AMSR-Ice06 (Sturm et al., 2006) and MOSAiC
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field campaigns (Nicolaus et al., 2022). Several of these transects were performed
in Elson Lagoon (EL in Fig. 4.11), which consists of level ice. This contrasts with
the more deformed ice on the nearby Beaufort sea measured during AMSR-Ice03
(BS in Fig. 4.11). During AMSR-Ice06 a level-ice section in the Chukchi Sea was
also surveyed (CS in Fig. 4.11). Finally, during the MOSAIiC expedition, successive
transects were taken on a refrozen lead (nicknamed the ‘runway’, described in
Stroeve et al. (2020b)), which provides some information about the thin-snow regime
on FYI (Fig. 4.11 g, h & 1). For the eight transects described above we calculate
the RMSE of the NP model when applied based on the mean value, calculated with
0.05 m bins. We also fit a skew normal curve to the transect data and investigate the
skewness-parameter (a) to shed light on the mismatch between the NP model and

the observations.

We first observe that all eight FYI transects have coefficients of variation (CV)
roughly consistent with that observed in the NP stations (Fig. 4.11a), particularly
those from AMSR-Ice06. The average difference between the FYI CV values and
that of the NP model is 0.74 (a unitless quantity), or around 17% of the CV of the
NP model. We display the CV values for all FYT data in Supplementary Figure S33.
We also note that the skewness parameter of the AMSR-Ice06 data (a = 1.6 & 2.2) is
close to the skewness parameter of the NP-model (a = 2.54). These characteristics
lead to the NP model performing better on the AMSR-Ice06 data than the AMSR-
Ice03 data. The AMSR-Ice06 survey on Elson Lagoon has the lowest RMSE of all
eight FYTI transects (0.012) when compared to the NP model - this is related to it

having the most closely matching skewness parameter to the NP model.

While all three AMSR-Ice03 transects have very similar mean snow depths to
each other (~0.30 m), the coefficient of variation is lower than for the NP station
transects for the Elson Lagoon transects, but higher for the Beaufort Sea (Fig. 4.11a).
That is to say, the snow over the deformed first year ice in the Beaufort Sea exhibited
considerably more variability than that over the level ice in Elson Lagoon during
AMSR-Ice03. In addition to being more variable, the Beaufort Sea transect showed

a much higher skewness parameter (a = 5.14) than those on Elson Lagoon (a = 1.02
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Figure 4.11: Comparison of the NP model with data from first year ice transects taken
during the AMSR-Ice 03, AMSR-Ice 06, and MOSAIC field campaigns. Panel
(a) shows the ratio of snow depth standard-deviation to transect mean depths
(the coefficient of variation, CV) for the FYI transects (large markers) as well
as for the NP transects (gray dots). All other panels show the snow depth
distribution produced by the NP model (red) against the transects (blue), with
0.05 m wide depth bins for comparative purposes. Panels represent (in order
b-i) Elson Lagoon (EL) and level ice on the Chukchi Sea (b & c), two transects
on Elson Lagoon one week apart (d & e), a transect on FYT of the Beaufort sea
near Elson Lagoon (f). Bottom row (g - i) displays snow transects taken on a
refrozen lead during the MOSAIC expedition.
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& 0.844). The transect over deformed ice exhibits the lowest RMSE value of the

AMSR-Ice03 transects by some margin.

We attribute the low-skewness (symmetry) of the 2003 Elson Lagoon data to
a lack of ice topography around which to build up a ‘long tail’ of drifted, thick
snow. Conversely, the highly deformed ice of the Beaufort Sea produces a noticeable
long tail of thick snow, such that the probability of finding snow deeper than 0.55
m is underestimated by the NP model (Fig. 4.11f). However, it is striking that the
AMSR-Ice06 transects at Elson Lagoon are more weakly governed by this: while
the skewness parameters are still lower than for the NP transects, there is a smaller
difference. It is possible that this variability is produced by the cumulative effect of
wind redistribution, and particularly strong wind events. Investigating the role of
strong-wind events on the coefficient of variation and skewness of the snow depth

distribution may form the basis for future work.

We now turn to the thin snow cover of the three MOSAIC ‘runway’ transects
(Fig. 4.11 g, h & 1). We first point out that a skew normal curve cannot be easily fitted
to these data (Supplementary Fig. S34; similar to the situation with the SHEBA ‘Tuk’
transects above). This indicates that the NP model will not be a good fit, even before
it is applied. Because of this feature, the skewness-parameter values listed in the
panels of Fig. 4.11 should not be assumed to properly capture the underlying transect
data. When the NP model is applied and compared, it exhibits a high RMSE relative
to the other FYI transects. As well as being related to the poor approximation with a
skew normal curve, this performance is also linked to the three ‘runway’ transects
having the highest error in the coefficient of variation (Fig. 4.11a) by comparison
to the NP transects. One key physical difference between the runway transects and
the other FYI surveys is the low average snow depth. However, other contextual
differences exist: for example the transects were performed in a geographically
distinct region with potentially different snowfall and wind conditions. It is also the
case that an ice floe in free drift (such as the ‘runway’ environment) will experience
a turning force from wind- and ocean-drag (e.g. Debernard, 2003). This may result

in a different snow depth distribution than for snow on ice that is locked in place with
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respect to the wind direction such as that of the AMSR-Ice campaigns. This feature
of landfast ice marks out the AMSR-Ice campaign from the rest, and may limit its
relevance for comparison. In future, it is possible that a model such as SnowDunes
(Liston et al., 2018) could be used to investigate the size and nature of this effect.

Because of the differences in the age of the snow (and the ice topography over
level ice), there is no a priori reason that the NP-model for the snow depth distribution
derived in this chapter should be applicable to FYI, and indeed our model works
relatively poorly when simulating the ‘symmetrical’ snow depth distributions at
Elson Lagoon in 2003, and the thin snow on the MOSAiC runway.

However in the instance where the ice was deformed (Fig. 4.11f) the model
performs relatively well. Perhaps counterintuitively given the 2003 results, the NP
model also performed well in 2006 over both level ice transects. The RMSE of the
NP Model when applied to the Beaufort Sea transect was 0.016, which is in fact
lower than the corresponding values for the MOSAIC Northern Transects (Fig. 4.7),
which ranged from 0.019 - 0.031. By this metric the performance of the model over
FYI in 2006 was also better (lower RMSE, 0.012) and comparable (similar RMSE,
0.022).

In summary, we have shown that the NP model is capable of performing well
over deformed FYI, and even over level ice in the case of 2006 (where ‘well’ is
defined with reference to its performance over MYI at MOSAIiC). But despite this
capability, it also clearly performs poorly in the case of thin snow (at MOSAiC
runway, where we observed that the measurements could not be well-represented by
any skew normal distribution), and also in the case of highly symmetrical (low-skew)

snow distributions over FYI (Elson Lagoon in 2003).

4.4.3 Application to point-measurements of snow depth

There are several drifting, autonomous platforms in existence that record the snow
depth at a single point, such as snow buoys and ice mass balance buoys (Nicolaus
et al., 2021). If the buoy is deployed at random, it is most likely to sample the
modal snow depth. In reality these instruments are often not deployed at random,

and a conscious choice is made to sample what is perceived to be the modal depth.
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However, for applications such as laser and radar altimetry retrievals of sea ice
thickness, the mean snow depth is the quantity required for characterising the floe’s
hydrostatic equilibrium (e.g. Mallett et al., 2021). We now present a simple method
of relating these point measurements to the mean snow depth of the surrounding
area.

If the mean snow depth (D) is related linearly to the standard deviation (o,, Fig.
4.3a, Eq. 4.1) by the coefficient of variation (CV), and we observe the modal snow
depth to be X standard deviations below the mean (Fig. 4.3b), then we can relate the

modal depth to the mean depth as follows:

6,=CVxD & D =Dyu.+X0, (4.3)
_ D,,
D= _ —mede (4.4)
1—(XxCV)

Using the NP data from Fig. (4.3) we now calculate that X = 0.35. The CV
was found earlier (Eq. 4.1) to be 0.417. We therefore calculate that the mean snow
depth is 17% larger than the modal depth. Where singular drifting instruments are
assumed to retrieve the modal snow depth in their environment, we recommend this

correction for estimation of the mean.

4.4.4 Length Scales

The NP station transects were performed over distances of 500 - 1000 m, and this
characterises the length scale on which our distribution is relevant. If the same
transects were theoretically performed over just a few centimetres, the coefficient
of variation (Fig. 4.3a) would be lower, and the distribution about the mean would
likely be different. The distribution would be sensitive to the small-scale roughness
of the snow surface, rather than larger scale features like sastrugi and snow drifts
around ice topography. If the transects were performed (again, theoretically) over
thousands of kilometres then the snow distribution would again be different, and
more representative of synoptic variability in snowfall and ice type. As such we

stress that the distribution of snow depths has been characterised at the sub-kilometre
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length scale (on the order of hundreds of metres).

We also investigate the sensitivity of our analysis to the spatial sampling interval
of the transects, which was 10 m for the NP stations. In particular, we consider the
possibility that adjacent (and near-adjacent) snow depth measurements on a given
transect may be correlated (Moon et al., 2019), and the impact that this might have
on our main results. To do this we perform an autocorrelation analysis for each
of the 499 transects, testing the correlation of a spatially-lagged series against the
original set of measurements. We find that for a lag of one measurement (10 m),
26% of transects show a statistically significant autocorrelation (p<<0.05). To put
this another way, we detect that adjacent points are correlated in 26% of transects.
This fraction drops by roughly half at a lag of 2 measurements (20 m, 12%), and half
again for a lag of 3 (30 m, 7%; Fig. 4.12a). We performed our test for correlation at
the 5% level (i.e. significance at p<0.05), and as such would predict one in twenty
transects to exhibit a correlation even in the case where all snow depth measurements
were sampled randomly from a normal distribution. As such, we see the fraction of
statistically significant transects tend to this level at higher lag values (Fig. 4.12a).
We also analyse the strength of positive autocorrelations where they are statistically
significant. The typical strength (r value) of these statistically significant correlations

is broadly similar (0.364, 0.315 & 0.31 respectively for lag = 1, 2 &3; Fig. 4.12b).

The effect of adjacent points being correlated on our main analysis can be
obviated by only analysing every other transect measurement. To remove the effect
of autocorrelation for a lag of two samples, we can perform our analysis again but
only consider every third measurement, etc. The results of this exercise on the main
results are displayed in Fig. 4.12 ¢ & d (c.f. Fig. 4.3 a & b). The coefficient of
variation (Fig. 4.12 c) is essentially unchanged by only analysing every second or
third measurement from the transects, and this is also true for the calculated skew
normal distribution (Fig. 4.12 d). To stretch this approach, we also display the
results of taking every fifth and tenth sample from transects. When comparing a
10 m sampling interval to a 100 m sampling interval, the coefficient of variation

decreases from 0.416 to 0.361, and the skewness parameter decreases from 2.54 to
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Figure 4.12: (a) Fraction of transects with a statistically significant autocorrelation at var-
ious lags. 26% of transects exhibit correlated adjacent measurements at lag
= 1. (b) The distribution of Pearson r correlation coefficients for various lags,
where correlations are statistically significant. The mean strength of the sta-
tistically significant correlations decreases slowly as the lag increases. (c)
Impact of undersampling the transect by taking every second, third, fifth and
tenth measurement on coefficient of variation, and (d) the probability density
distribution in standard deviation space. The impact of this sampling is small
for the double-spacing and triple-spacing, indicating that the correlation of
adjacent points in 28% of transects has a negligible impact on the main results
in this chapter.
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1.84. Extrapolating from this trend, magnaprobe samples used in the validation data
sets which have a very low sampling interval of 1 m may therefore have a high-skew
and high coefficient of variation bias relative to transects from NP stations. However,
the corresponding analysis for these data sets is significantly more complex as, unlike
the NP transects, the samples were generally neither regularly spaced nor taken along
a straight line.

For completeness we also investigate a common statistic for correlation between
adjacent measurements: the autocorrelation length (Supplementary Fig. S35). This
is calculated for a transect by, as above, calculating the correlation of lagged transects
with the original transect at increasing lags. The correlation length is then defined
as the lag at which the correlation drops to a value of 1/e. Because only a minority
(28%) of transects have statistically significant correlations for adjacent points (Lag
= 1 sample, 10m), the correlation lengths for the transects are generally below 10 m.
Because of the coarse spatial resolution of the measurements, we must interpolate
to get the correlation length, and this was done linearly. When calculating in this
way, we find the modal correlation length of the transects to be 6.8 m (Supp. Fig.
S35 b), although this would be highly sensitive to the interpolation method. 9.4% of

transects had a correlation length of 10 m or greater.

4.4.5 Relevance in a changing Arctic Ocean and other

limitations

The potential for application of the NP-model to first year ice was discussed above,
and it was found that while the NP model was capable of performing well over FYT,
it performed poorly when simulating the distribution of thin snow, and overestimated
the skew in some cases. Here we point out that the Arctic Ocean is becoming
increasingly dominated by first year ice, so arguably the relevance of this MYI-
trained model is in slow decline.

There may also be spatial limitations on applicability. The NP drifting stations
generally operated in the Central Arctic Ocean (Fig. 4.1) rather than in the marginal
regions such as the Kara, Beaufort and Barents Seas (Warren et al., 1999). However,

these areas are generally dominated by first year ice, so this geographic constraint is
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less strict that the ice-type one described above.

The average age of multi-year ice is in decline, with the coverage of ice aged
five years or more shrinking from 28% to 1.9% between 1984 and 2018 (Stroeve and
Notz, 2018). The mean thickness of sea ice is also in decline (Kwok, 2018). Because
we produce our statistical model using drifting station data from 1955 - 1991, it
likely reflects snow conditions on ice older and thicker than that which currently
exists in the Arctic. We note however that our model does still display good skill
with respect to the MOSAIC transects, which were generally performed on ice that

had only experienced one melt season, making it the youngest form of multiyear ice.

4.5 Summary

In this chapter we have developed a generic snow depth distribution for multi-year
ice that can be fully characterised by the mean snow depth. This allows it to be
superimposed onto estimates of mean snow depth from satellites and models for the
purposes of flux modelling and altimetry studies.

We performed a cross-validation exercise and found the model’s skill to be
highest in winter, and lowest during the summer months of intense melt and sparse
measurements. We then evaluated the distribution against snow depth transects from
the MOSAIC, SHEBA and AMSR-Ice field campaigns. These analyses revealed
that the model generally overestimated the variability in snow depths for the MO-
SAiC campaign, but the fit parameters were otherwise broadly appropriate. On the
smoother multiyear ice of the SHEBA campaign the model performed well, but
the model performed poorly on transects executed over highly deformed ice. This
was related to the fact that the snow depth distribution in this area was not well
approximated by the skewed normal distribution used in the NP model. Application
of the distribution to eight transects conducted over first year ice shows that while
the NP-model was capable of performing well (over deformed FYI and in two cases
over level ice), it performed poorly when simulating thin snow on a refrozen lead in
the Central Arctic, and also when simulating a highly symmetrical snow distribution

over level ice.



Chapter 5

Comparing the characteristics of NP
station snow melt and ablation to

satellite radiometry and modelling

5.1 Introduction

As polar night ends in the Arctic, the sun exerts an increasing influence on the sea
ice surface. Surface air temperatures rise as the sun shifts higher in the sky, until the
snow surface reaches its melting point. When snow reaches this point, further input
of solar energy produces liquid water within the snowpack. This water accumulates
in the snow until gravity allows it to drain out, in a transition from the pendular to
the funicular drainage regime (e.g. Denoth, 1982). Upon drainage, water can pool at
the bottom of the snowpack to form melt ponds, depending on the underlying ice
properties such as roughness and thickness distribution (e.g. Webster et al., 2022).
Where melt ponds are not present, the snow in most parts of the Arctic Ocean melts
almost entirely back to a ‘surface scattering layer’ on the ice (Smith et al., 2022b),
with an associated drop in albedo (Langleben, 1969; Perovich et al., 2002). This
melting (or ablation) is associated with rapid reductions in snow depths (Iacozza and
Barber, 2001; Kwok et al., 2020a). These reductions in snow depth represent snow

ablation, which can occur well after melt onset.

Snow can also thin without melting; this can happen locally via wind redistribu-
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tion (Leonard and Maksym, 2011), and on larger spatial scales through compaction
under its own weight (Sturm and Holmgren, 1998), by wind-action (Sommer et al.,
2018), or by sublimation/evaporation (Hurley, 1954; Déry and Yau, 2002).

The timing of Arctic Ocean snow melt onset is spatially variable in a given
year, and varies interannually at the same place. Several satellite-based melt onset
detection algorithms have been developed to chart this variability (Anderson, 1987;
Winebrenner and West, 1994; Drobot and Anderson, 2000; Markus et al., 2009;
Howell et al., 2019). Figure 5.1a illustrates a climatology of the snow melt onset
timing from one such product. Melt onset generally occurs later at higher latitudes,
with the latest melt onset occurring in a small patch on the West-Russian side of the
North pole that generally remains frozen for more than 180 days of the year. Several
studies have used these products to investigate a climate-change driven shift to earlier
melt onset in some parts of the Arctic Ocean (e.g. Stroeve et al., 2006; Markus et al.,
2009; Stroeve et al., 2014), and the pattern of spatial trends is visualised in Fig. 5.1b.

Satellite determination of Arctic snow melt onset timing over sea ice is a
particular challenge relative to the nearby terrestrial-ice environment of the Greenland
ice sheet for several reasons. The main challenge in the sea ice environment is the
dynamic opening of leads due to ice divergence. This exposes liquid water with a
similar microwave emission signal to the emergence of liquid water in the snowpack
- a unique challenge to the sea ice environment. As well as posing a challenge
to satellite observations, the opening of leads can also drive sudden changes in
temperature and humidity, that may actually drive sudden and ephemeral melt onset,

or initiate a more permanent shift (e.g. Vivier et al., 2016).

5.1.1 What triggers snow melt onset and subsequent ablation?

Variability in the timing of melt onset on large scales is linked to synoptic weather
and large scale atmospheric circulation patterns. Crawford et al. (2018) showed that
melt onset timing in the Siberian marginal seas is controlled in part by the timing
of terrestrial snow retreat in the West Siberian Plain. This mechanism operates by
controlling the amount of atmospheric moisture that is advected into and out of the

Arctic, which moderates the downwelling longwave radiation (See also Mortin et al.,
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Figure 5.1: (a) A climatology of melt onset timing based on the product of Markus et al.
(2009). Colors show the mean day-of-year on which snow melt onset was
observed. (b) Trends in Arctic Ocean snow melt onset timing based on the same
product. Trends are only visualised where r-value correlations are statistically
significant (p<0.05). Trends are generally localised to the marginal and sub-
Arctic seas.

2016). Horvath et al. (2021) showed that earlier melt onset in the Arctic Ocean was
associated with a dipole pattern of sea level pressure which funnelled atmospheric

moisture into the Arctic Ocean from the Bering/Chukchi region.

On local scales, melt onset is mostly controlled by the radiative balance of the
snow and the surface air temperature. To explore the relationship between surface
air temperature and melt onset timing, several studies have made use of surface air
temperature data sets. In the period of overlap between NP station operation and
the satellite era, this has often been using the International Arctic Buoy Programme
/ Polar Exchange at the Sea Surface (IABP/POLES) data set (Martin and Munoz,
1997). For instance Belchansky et al. (2004b) and Rigor et al. (2000) took a 14-day
running average of the IABP/POLES temperatures and showed that the timing with
which they rose above a threshold was closely related to melt onset timing from

remote-sensing products.

In addition to air temperature, Dou et al. (2019) emphasised the sometimes

critical nature of spring rain on snow events in lowering the snowpack’s albedo and
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warming it via latent heat release near Utkiagvik, Alaska. Along these lines, drizzle
contributed to melt onset at the SHEBA expedition (Persson, 2012), and a rain event
also drove the first occurance of melt in the Hudson Bay campaign documented
by Ehn et al. (2006). Analysis of satellite-derived melt onset the East Siberian and
Laptev seas by Marcovecchio et al. (2022) indicated that early melting years had
above average precipitation (in atmospheric reanalysis) before and after the first melt

event.

5.1.2 The importance of melt onset and ablation

The timing of snow melt onset is an indicator of climate change in the Arctic Ocean
(e.g. Stroeve et al., 2006; Stroeve and Notz, 2018). Markus et al. (2009) identified
trends towards consistently earlier melt onset in all Arctic Ocean regions in the
period 1979 - 2009, with these trends strongest in the marginal seas of the Arctic
Ocean. This earlier melt onset mirrors increasing delays in the timing of autumn
freeze-up; the result of these two factors is a significant lengthening of the Arctic
Ocean melt season (Stroeve et al., 2014).

As well as being an indicator of changes in the Arctic system, the timing of
melt onset drives and moderates several environmental processes. The snow ablation
associated with melt onset leads to increased light flux to in- and under-ice primary
producers, however this also coincides with a flushing of algae from in-ice channels
(Galindo et al., 2014). A reduction in snow albedo is associated with snow melt
onset even prior to melt ponding (Langleben, 1969; Vérin et al., 2022), and this
helps advance the subsequent melt (Curry et al., 1995). Total transformation from
dry snow to ice and melt ponds can be associated with reductions in albedo from 0.8
to less than 0.5 (Langleben, 1966; Perovich et al., 2003).

As mentioned above, the timing of melt onset also impacts the length of the
melt season, which in turn controls the cumulative longwave and shortwave energy
absorbed by the surface (whether that be ice or ocean, Stroeve et al., 2014). Earlier
insolation of the sea surface is relevant to the subsequent growth season and timing of
sea ice advance, as the heat energy is stored either in the ocean’s mixed layer where

it must be lost prior to freeze up, or in a slightly lower near-surface temperature
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maximum, where it can slow subsequent growth (Timmermans, 2015). Perovich
et al. (2011) noted that the seasonal evolution of sea-ice albedo and the resulting
summer solar heating of the ice—ocean system is more sensitive to the date of melt
onset than the date of fall freeze-up.

Melt onset also poses a challenge to the determination of sea ice thickness by
radar altimeters. The conventional, underpinning assumption of Ku-band radar al-
timetry is that emitted radar waves penetrate the overlying snow pack and backscatter
from the snow/ice interface (Mallett et al., 2021, and references therein). However,
the occurrence of melt onset precludes this - wet snow is known to be both highly
scattering and highly absorbing in the gigahertz frequency range (Ulaby and Long,
2014, p142-145). The timing of melt onset therefore represents the seasonal end
of the period of possible radar-derived estimates of sea ice thickness under the con-
ventional assumption of full radar penetration (See Tilling et al., 2018, p1209 for
impacts). However, this does raise the possibility of characterising melt onset timing
with radar altimeters themselves, something that was briefly explored by Dawson

et al. (2022).

5.1.3 Determining melt onset and ablation timing from space

Some of the earliest observations of the seasonal melt onset from space were made
by observing changes in its microwave emissions (see Carsey, 1984, for characteri-
sation with the Electrically Scanning Microwave Radiometer). The first dedicated
application of radiometry to the timing of Arctic melt onset was by Anderson (1987),
who compared the brightness temperatures measured by different channels of the
scanning multichannel microwave radiometer (SMMR). This was based on SMMR
observations of Antarctic sea ice by Comiso et al. (1984), who remarked upon the
signature of surface melt present in the vertically polarised 18 and 37 GHz channels.

Because of the time-span of the SMMR observations, the passive microwave
record is the longest pan-Arctic record of melt onset timing (1979 - present). While
substantial work has been put into melt onset characterisation using active methods
(e.g. Winebrenner and West, 1994; Howell et al., 2019), active-sensor records gener-

ally suffer from larger ‘pole holes’ due to the reduced orbital inclination and field of
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view of active-radar systems as opposed to contemporary radiometers. For instance,
the ERS satellite had a latitudinal limit of 81.5°. That is not to say that the passive-
microwave record is without flaws: the SMMR pole hole extends north of 87.5°, and
the Arctic was scanned every other day due to power constraints. Furthermore, the
replacement of the SMMR with the special sensor microwave/imager (SSM/I) and
the special sensor microwave imager/ sounder (SSMI/S) also brought a shift in the
central frequency of a relevant channel from 18 to 19 GHz, introducing uncertainty
into the record. But despite these drawbacks, the radiometry-based record of melt
onset timing is best placed to provide a useful record of long-term environmental
change. The record of satellite-mounted radiometers is set to continue with the
Copernicus Imaging Microwave Radiometer (CIMR; Kilic et al., 2018), which re-
cently advanced to the status of ‘High Priority Candidate Mission’ for construction

and launch by the European Space Agency.

Several studies have sought to evaluate the performance of satellite-derived melt
onset products using surface air temperature data sets, however this approach has
a number of uncertainties and biases. For example, Winebrenner and West (1994)
and Smith (1998) compared their melt onset products with the NCEP atmospheric
reanalysis, which has a documented warm bias (Batrak and Miiller, 2019). Later work
(Belchansky et al., 2004a; Rigor et al., 2000) used the IABP/POLES data set (Martin
and Munoz, 1997), which was introduced previously in the context of exploring
the impact of surface air temperatures on melt onset timings. This has its own
uncertainties involving the gridding and interpolation procedures required to make
the product. It was pointed out by Stroeve et al. (2006) that surface air temperature
products such as TABP/POLES cannot capture small scale features of melt timings,
due to being interpolated over large distances. For example, Belchansky et al. (2004b)
used a 12-hourly, 100 km resolution product, which was then downsampled to 24-
hourly and upsampled to 25 km through averaging and linear interpolation. Drobot
and Anderson (2001) used the same data but gridded by 1° latitude and longitude to

evaluate the development of the AHRA melt onset product.

To address the above challenges to effective evaluation, in this chapter I specifi-
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cally investigate melt onset and ablation by using in-situ, Lagrangian measurements
of air temperature and snow depth, where no gridding or spatial interpolation is
necessary. This allows a more precise evaluation of the relationship between satellite
products, meteorological forcing, and snow geophysical evolution.

By comparison to melt onset timing, the timing of snow ablation has been
considerably less studied from space, with the most relevant work being Kwok et al.
(2020a). The retrievals of ablation rates and timings by Kwok et al. are hindered by
the necessary use of the sea ice thickness reanalysis data set by Zhang and Rothrock
(2003), and the low repeat-rate of the IceSat-2 orbital cycle. Kwok et al. compare
their ablation rates to a single drifting station in a single year (NP 22, 1979). This
more comprehensive treatment of the NP snow ablation record will provide therefore

useful for comparative purposes.

5.1.4 Modelling melt onset and snow ablation

Dedicated modelling investigations of pan-Arctic Ocean melt onset timing is a
relatively new field, despite the fact that melt onset timing has been shown to be a
useful diagnostic for the validity of sea ice simulations (Smith et al., 2020). Smith
et al. (2022a) used a satellite simulator to model brightness temperatures from a
melting snowpack and test the skill of a model (CESM2; Danabasoglu et al., 2020)
in simulating the observed melt onset timings.

Cheng et al. (2006) performed a one-dimensional model sensitivity analysis,
and found that melt onset timing in the Central Arctic Ocean depended strongly on
incorporating a large number of layers in the model run and inclusion of a time-
evolving surface albedo. However, this model-evaluation exercise was confined to
only one Lagrangian coordinate, as the model was compared to snow pit results
from a drifting ice camp. Hanesiak et al. (1999) found that hourly forcing of a snow
model had a considerable impact on the timing of snow ablation when compared to
daily average forcing (making melt onset earlier and more realistic). This change
was driven by higher shortwave radiative fluxes from higher-resolution inputs. They
also found that snow ablation, while occurring sooner, progressed more gradually

and realistically under hourly forcing.
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In this chapter I examine results from the recently developed model SnowModel-
LG (Liston et al., 2020; Stroeve et al., 2020a, henceforth SM-LG), which also
featured in Chapter 2. Understanding the snow melt characteristics of SM-LG is
important to two research avenues: the creation of a year-round sea ice thickness
product from satellite-mounted radar altimeters, and charting the evolution of year-
round in- and under-ice light intensity. The former is already underway (Dawson

et al., 2022; Landy et al., 2022), and the latter is a likely prospect in the near future.

I now illustrate the importance of accurate modelling of snow melt and ablation
timing to radar altimetry, before turning to light attenuation. The summer sea ice
freeboard product by Dawson et al. (2022) was evaluated around the 200" day-of-
year, when there is essentially no snow cover on the ice. However, to produce a sea
ice thickness product earlier in the summer, the snow loading must be accounted
for. Given the snow loading can change by several centimetres per day during snow
ablation, it is important to accurately model this aspect of the seasonal cycle. As
discussed above, there is also a shift to relative radar-opacity with the onset of melt,
due to the high dielectric permittivity of liquid water relative to ice and air. While this
transition can arguably be derived from satellites, the timing of the snow becoming
radar-opaque must appropriately lead the timing of snow ablation by melting if radar
estimates of sea ice thickness are to be consistent across melt onset and ablation

period.

Stroeve et al. (2021) used the output of SM-LG to model the evolution of light
intensity under sea ice in the ice-growth months. The authors limited their analysis to
the growth period due to uncertainty in summer sea ice thickness determination. This
uncertainty stems partially from uncertain ice density and in part due to the radar
penetration issues discussed above. However, with the advent of a year-round sea
ice thickness product (Landy et al., 2022), year-round, pan-Arctic in- and under-ice
light intensity modelling is an increasingly viable prospect. To do this, SM-LG’s
timing of snow wetting and ablation (and its uncertainty) must be understood, so as

to realistically reflect the timing of the light-intensity increase.
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5.2 Data

5.2.1 NP Data

In this chapter I consider melt onset and snow ablation from the perspective of daily
snow depth measurements at stakes. For each station, these were recorded at a site
around 100 m from the nearest building, with three stakes situated at the corners of a
25 m square area. The mean depth at all three stakes was taken, and recorded to the
nearest centimetre.

I contextualise the timing of snow melt onset and ablation with reference to the
surface air temperature. The following information on the measurement techniques
was supplied with the data: near-surface air temperatures were recorded in a shelter
to protect them from insolation (similar to a Stevenson’s screen). Thermometers
were mounted 2 metres above the ice surface. Until NP-21 mercury thermometers
were used for temperatures above 30°C, and alcohol thermometers were used for
those below. Beginning at NP-21 stations began to use copper-wire resistance
thermometers which recorded data electronically. The mercury thermometers had a
scale spacing of 0.2°C, with a nominal measurement error of 0.3°C. The scale spacing
of the alcohol thermometers was 0.5°C, with a nominal measurement error of 0.5°C
in the temperature range in which they were used. The copper-wire thermometers
had an uncertainty of 0.2°C.

To investigate the geophysical variables that drive and respond to melt onset,
I analyse data on low cloudiness and snow albedo. Low cloudiness was recorded
in tenths corresponding to the total amount of sky covered. Low cloud was defined
where clouds had a base at a height of <2000 m height (Leningrad, 1969), measured
using optical-drum ceilometers. I calculate snow albedo from daily radiometer
measurements of the broadband, shortwave global radiation and reflected radiation.
However, it is unclear whether these measurements were taken synchronously from
the same patch of snow. I therefore describe these data as ‘derived albedo’. A longer
description of the radiometry setup at NP stations is given by Marshunova and Mishin
(1994). There is also the question of whether these data are representative of the snow

cover at the floe-scale after melt onset, given the highly spatially variable albedo of
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melt-ponded ice. As such, the derived values should be treated with caution.

5.2.2 Satellite radiometry derived melt onset products

I consider two commonly used data sets for the timing of melt onset: the Advanced
Horizontal Range Algorithm (AHRA) developed by Drobot et al. (2001; data span
1979 - 2017), and the Continuous Melt Onset (CMO) developed by Markus et al.,
(2009; data span 1979 - 2021). These data were downloaded as part of a combined
data set (Steele et al., 2019) which is provided on a 25 km polar stereographic
grid. When regional averages were calculated, the variable size of the grid-cells was
accounted for.

Both data sets are subject to the limited orbital inclinations of radiometer-
carrying satellite missions in the late 20 century. Satellite radiometers only covered
an area up to 84.5°N between 1979 - 1987, 87.2°N between 1987 - 2007, and
89.18°N from 2007 to the present (Peng et al., 2018).

It is important to consider that the AHRA algorithm was designed to detect the
first appearance of liquid water in snow, whereas the CMO algorithm was designed
to detect the onset of continuous melt. As such, the products should not be expected
to precicely agree when the snow melt is initially ephemeral. However the two
products can still be evaluated against the same meteorological variables such as
air temperature and albedo, with the understanding that closer agreement with the
evaluation data does not necessarily mean one product is ‘more accurate’ than the

other.

5.2.3 Parcel-wise SnowModel-LG Data

I use the in-situ observations from NP stations to evaluate the performance of
SnowModel-LG (SM-LG). To do so, I analysed the track-wise (Lagrangian) parcels
produced by a model run driven by the ERAS atmospheric reanalysis product (Hers-
bach et al., 2020). Snow depth and density data from these parcels were gridded to
form the publicly available product (Liston et al., 2021). The track-wise data were
received in a private communication. Because the model requires ice motion vectors

to run, it can only produce data from 1980 onwards. SM-LG produces around 55,000



5.2. DATA 130

100

80
60 .
40

20 S

Snow Depth (cm)

lo
—— Mean Snow Depth

60 (b)

o
o
1

Snow Depth (cm)
N
o

0 T T T T T T T T T T T T T T
0 25 50 75 100 125 150 175 200 225 250 275 300 325 350

98 {(C) |

# Contributing
Timeseries

0 25 50 75 100 125 150 175 200 225 250 275 300 325 350
Day of Year

Figure 5.2: (a) Timeseries of three-stake-averages of snow depth to the nearest centimetre
over the seasonal cycle at NP stations. (b) Mean seasonal cycle of all three-
stake-average timeseries where data were available. Data were not collected
once the ice at stakes began to ablate. Where measurements were stopped, data
no longer were considered for the averaging. This is the cause of the sharp
uptick around day-of-year 182, and the sudden drop around day 244. (c¢) The
number of snow depth timeseries contributing to the mean and 1o limits of
panel b. Sudden drops or jumps in the number can drive spurious variability in
the visualisation of the mean seasonal cycle.
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tracks per year; for each of these tracks I processed the daily output of snow surface
(skin) temperature, snow depth, snow density, total daily melting, and basal runoff. I
also similarly processed the 2 m temperature data, which was a model forcing but
was output trackwise for analysis.

Basal runoff is determined as follows: liquid water is made available at the snow
surface by liquid precipitation or melting, and then percolates down due to gravity.
It freezes during this journey depending on the modelled, layerwise cold content.
It does not freeze in layers with density above a maximum value of 550kgm—>.
Upon reaching the base of the modelled snowpack, it ‘drains’ out of the snow and is

considered runoff (Liston et al., 2020, Appendix C7).

5.3 Methods

In this chapter I address the following four questions:

» To what extent does the timing of in-situ snow ablation reflect the timing of

satellite-derived melt onset?

* How well does SnowModel-LG represent the timing and speed of snow abla-

tion at NP stations, and can the causes of differences be identified?

* How well does SnowModel-LG represent the timing of melt onset in satellite-

derived products?

* How does the weather and snow albedo at NP stations drive and respond to

melt onset and snow ablation?

5.3.1 Generating station-wise melt onset timing from satellite

products

I generate a satellite-based estimate for the day-of-year on which each station expe-
riences snow melt onset. To do this, I consider the full track of a given NP station
and how it moves along it with time. As the station moves along this trajectory, it
moves through a series of grid-cells corresponding to the two satellite melt onset

products described in Sect. 5.2.2. I identify the satellite melt onset date as the date
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in the first grid-cell that the station moves through that is either experiencing or has
experienced melt onset on that day. This method means that as well as disagreeing
in time, the satellite products can also disagree in space (Supp. Fig. S36). That is to
say that the satellite products identify melt onset for the same station as happening
in different locations, as well as on different days of the year (a feature of the station

itself drifting).

5.3.2 Defining the timing of in-situ snow ablation

To analyse the timing and speed of snow ablation at NP stations it is necessary to
establish an objective definition of the timings themselves. To do this, I calculate
the maximum spring snow depth for a given NP station in a given year, and define
the reference snow ablation timing as when the snow depth drops past a threshold-
fraction of that value. This timing is distinct from the melt-onset timing, which
represents the timing with which liquid water first starts to appear within the snow.
The snow ablation timing is instead based on the timeseries of snow depth, and is
designed for comparison with other snow depth timeseries such as those produced
by SnowModel-LG. An analogous comparison of melt onset timing between the NP
stations and SnowModel-LG is not available, as snow liquid water content timeseries
are not available from either data source.

I iterated through a series of percentage-threshold values to determine the most
suitable one to apply to all timeseries. For each candidate threshold (e.g. 40%) 1
calculated the snow ablation timing based on the candidate threshold and plotted all
snow depth timeseries relative to their reference ablation timing. For example, I show
these in grey for a threshold of 40% in Fig. 5.3a. I then calculated the daily ensemble
average of all timeseries - this is shown in red in Fig. 5.3a. I then calculated the
gradient of that ensemble average - the gradients for all tested thresholds are shown
in Fig. 5.3b.

It is clear that the peak ablation rate of the ensemble average (in cm/day) comes
between the day that the threshold is exceeded and the day prior. This is taken
as evidence that ‘dropping below a threshold-fraction of spring maximum’ is an

appropriate method, because the timing that the threshold is exceeded is a reasonable
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of Spring maximum)

(a) Timeseries of snow depth arranged such that x = 0 is the date on which the

snow depth drops below 40% of its spring maximum value. The 40% figure
is the result of the sensitivity analysis illustrated in the lower panels. Red line
indicates the ensemble average of all the timeseries. Compare with panel a of
Fig. 5.2. (b) Gradient of the ensemble average of the timeseries (red line in
upper panel) for different threshold values. (c) The minimum value of each
timeseries in panel (b). The threshold that produces the steepest gradient (lowest
value in panel b) is 0.4. This is the criterion on which the 40% threshold of

spring maximum snow depth was selected.

approximation of the timing of the ensemble-average’s peak snow ablation.

I select the threshold that minimises the peak ablation rate of the ensemble

average. That is to say, I select a threshold that delivers the lowest minimum value

in Fig. 5.3b & Fig 5.3c - this corresponds to the largest magnitude of change in snow

depth. This figure is 0.4, or 40% of the spring maximum value. When this value

is chosen, the lowest gradient of the red line in Fig. 5.3a is -3.8 cm/day. The 40%
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threshold defines the reference day of ablation for all timeseries for the rest of this
manuscript. Because each timeseries has a different spring-maximum snow depth,
each therefore has a different absolute threshold (e.g. 23 cm, 31 cm etc.) which,
when crossed, forms the reference day of ablation.

It is worth considering that the rate of snow depth reduction captures both
physical phase change (of ice into water), but also densification that arises from
changes in the microstructural bond-geometries and strengths. It is therefore not safe
to assume that, say, a 20 cm snow depth reduction represents the melting of SWE
equal to 20 cm of snow at the density prior to melt. Instead, it is likely that a smaller

amount of SWE has melted, and some densification has also occurred.

5.3.3 Comparing timing and speed of in-situ snow ablation at

NP stations to SnowModel-LG

I sought to compare the snow depth evolution at NP stations to those of closely
corresponding SM-LG parcels. To find the most comparable Lagrangian parcels, I
searched all tracks for each year to identify the nearest one on the 100th day of the
year. This date was chosen as it is prior to melt onset and snow ablation at all stations.
These were, on average, 8 km away (see Fig. S38 for the distribution). However,
while the drift-tracks of the stations and the model-parcels matched in a broad sense,
the NP stations generally drifted slightly further in the time until August 1% (when
my analysis ended; Fig. S39).

To make a quantitative comparison between the timing of snow ablation at
paired SM-LG parcels and NP stations, I applied the same thresholding method
to the SM-LG parcel. The spring maximum of the SM-LG parcel’s snow depth
timeseries was found. The day on which the snow depth subsequently dropped below
40% of that value was then found, and compared to the corresponding value at the
paired NP station.

As well as timing, I investigate the speed of melt onset at NP stations and for
SM-LG parcels (for comparison with Kwok et al., 2020a). To do this, I generate
the reference day of snow ablation as above. I then take a three or five-day window

centred on that timing, and perform a linear regression through the snow depths in
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that window. A sensitivity analysis indicated that the window-width does not have a
significant effect on the calculated ablation speeds.

To investigate the causes of observed differences in snow ablation timing in
SM-LG and in-situ, I compare the timeseries of surface air temperatures in the SM-
LG forcing to those measured in-situ. Here I analyse input and output of the model
when forced by the ERAS atmospheric reanalysis (Hersbach et al., 2020), although
I note that other model runs have been done driven by the MERRA2 atmospheric

reanalysis.

5.3.4 Comparing satellite melt onset products to SnowModel-LG

output

While it does not directly relate to snow observations from NP stations, I also
investigated how melt onset in SM-LG compares to satellite products of melt onset.
In Sect. 5.4.3 I compare the timing of snow ablation in SM-LG with the timing of
snow ablation measured in-situ at nearby stations. However, due to the differences
between the timing of melt onset (snow reaching melting point) and the timing of
actual snow ablation (snow depth decreasing), it would not make sense to compare
the timing of the ‘40% the prior maximum depth’ method used in Sect 5.4.3 to the
passive-microwave satellite products described in Sect. 5.4.1, even with a fixed
offset.

To provide a more meaningful comparison between SM-LG and passive-
microwave-based products, I diagnose when liquid water appears in SM-LG parcels.
To do this, I analysed two variables: the daily snow melt (in cm of snow water equiv-
alent) and the skin temperature of each SM-LG parcel in each year. The daily snow
melt diagnostic is similar to that used by Nicolaus et al. (2006) with the SNTHERM
model (Jordan, 1991). Once I identified that a parcel had experienced melt onset,
this was marked in a database. This resulted in a list of position/date pairs, with
one pair corresponding to each Lagrangian track that was present at melt onset. The
dates were then gridded onto the same polar stereographic grid as the satellite melt
onset product for comparison using both a drop-in-the-bucket method (e.g. Dinnat

and Brucker, 2017) and an inverse-distance weighting method (following Liston
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et al., 2020). I first defined the date of snow melt onset in an SM-LG parcel as when
the snow melt first exceeded 5 mm per day. This threshold was settled on after a
sensitivity analysis: if the threshold is too high, parcels do not necessarily reach
it, and some areas do not experience melt onset. There seems to be a fairly small
penalty for setting it too low. Lower thresholds generally result in earlier melt onset
(the threshold is exceeded earlier), which increases the bias of SM-LG relative to
the satellite product. However,the representation of interannual variability is slightly
improved. I elected to focus my evaluation of SM-LG on its representation of inter-
annual variability (i.e. does the model capture anomalously late- and early-melting
years in a 25 x 25 km pixel or region), and so I set a low threshold of 5 mm/day.
Further details concerning the sensitivity analysis can be found in Supplementary

Fig. S37.

When capturing a SM-LG parcel’s melt onset characteristics from the perspec-
tive of the skin temperature, I set a temperature threshold of -0.1 °C, and marked
melt onset as the first day that threshold was exceeded. Because the snow in SM-LG
melts at 0°C, it is not practically possible to set this value as a threshold. The skin
temperature diagnostic contains an implicit assumption that the snow is melted first
from the top, and sub-surface melting (e.g. Koh and Jordan, 1995) is not a significant
influence on the timing of melt onset in the model. The choice of threshold value
also reflects the fact that snow salinity is not included in SM-LG, so all snow melts

at 0°C and not below.

I carried out my analysis both at the 25 x 25 km pixel scale, and on the
regional scale. For the pixel scale, I compared the coverage of statistically significant
correlations between the different diagnostics, and the average strength of those
correlations. For the regional analysis, I split the Arctic Ocean up into six marginal
seas and the Central Arctic using the definitions of Meier et al. (2007, see Chapters
2 & 3). For each year and each region I generated a timeseries of the area-mean melt
onset timing in the satellite product and the three model-based diagnostics described

previously.

In my comparisons, the surface air temperature-based diagnostic of melt onset
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timing acts as a control. If the two model-derived diagnostics (snow melt and skin
temperature) outperform the surface air temperature based diagnostic, then SM-LG is
assumed to show skill in representing the timing of melt onset. If the air temperature
based diagnostic outperforms the model-based ones, then SM-LG is assumed to not
be meaningfully representing the extra effects of radiative balance and snow physical

properties on melt onset timings.

5.3.5 Mean meteorological conditions before, during and after

snow ablation

I analysed several meteorological variables over the period of melt onset and snow
ablation. Specifically, I sought to extract the statistical behaviour of the variables
from the relatively noisy individual timeseries by synchronising the records with
respect to the reference snow ablation timing. The most rigorous way to do this was
to use the quantitative estimate of snow ablation timing described previously - i.e.
the day on which the snow depth falls below 40% of its spring-maximum value. It is
important to stress that this is indeed a statistical delineation, and there is no specific
geophysical interpretation of the threshold.

After synchronising the snow and meteorological timeseries, I created ensemble
means of the derived albedo, surface air temperature, specific humidity and low
cloudiness. I also analysed the relative humidity, total cloudiness, sea level pressure
and wind speed in a similar fashion; plots of these variables are available in the
supplement but analysis is not carried out in the main text. The shortwave radiometry
measurements necessary for calculation of derived albedo were only available from
NP 17 (1965) onwards, and as such there are fewer contributing timeseries to the
ensemble than for the meteorological variables.

I note that a similar analysis of albedo evolution was performed in Perovich
et al. (2002, Fig. 13), however the novelty of this analysis is that the timeseries
are shifted such that snow ablation is synchronised in each record. By removing
the inter-station variability in snow ablation timing from the analysis, the specific
relationship between albedo, meteorology and ablation is made clearer. Futhermore,

this shift allows the ensemble-mean timeseries to be meaningfully improved from
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the monthly resolution at which it was displayed by Perovich et al. (2002).

5.4 Results

5.4.1 Comparison with satellite-derived melt onset products

Figure 5.4 shows how the satellite-derived melt onset timing compares to the timing
of snow ablation observed in-situ. The panels indicate that while the satellite products
generally capture the rough timing of snow depth decline (ablation), significant
mismatches are sometimes present. This is particularly clear when the satellite-
products lag behind the snow ablation (e.g. Fig. 5.4f & 1). When the satellite product
registers melt onset before the snow ablation, it is possible that liquid water did
indeed appear in the snowpack, but the snow then refroze before it could substantially
ablate. However,when the satellite registers melt onset after the snow depth decline,
the product is likely not capturing the local geophysical evolution.

Large discrepancies between the satellite product and observations are more
common with the AHRA product of Drobot and Anderson (2001, see lags in panels
e & f) than the CMO product of Markus et al. (2009). One particularly visible
discrepancy is seen at 1979/NP 22 (panel a), where the CMO product roughly
captures the timing of the snow ablation, whereas the AHRA product is triggered
a month and a half too early. A similar situation seemingly exists for 1990/NP 30
(panel 1), where the CMO product misses the snow ablation, whereas the AHRA
product is again very early. Where the AHRA is very early, it is noticeable that
the triggering coincides with visible spikes in surface air temperature. However,
these spikes are not close to crossing the 0°C air temperature threshold. I further
investigate these cases in Sect. 5.5.1.

Turning to the surface air temperature threshold analysis, it is noticeable that
while the AHRA and CMO algorithms often produce different results, at least one
of them is consistently near to the day-of-year where air temperatures exceed zero
degrees for the first time. Only three of the eleven melt onsets in Fig. 5.4 feature
the temperature threshold being exceeded more than seven days from both of the

two melt onset products. The CMO product is more frequently within seven days
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Figure 5.4: Co-evolution of surface air temperature (SAT; orange lines) and snow depth (blue
lines) at the eleven NP stations that were both observed by satellite radiometers
during the period of melt onset and took daily snow depth observations consis-
tently. Vertical green lines indicate the melt onset timing per the Continuous
Melt Onset product of Markus et al. (2009), red lines indicate the timing per the
Advanced Horizontal Range Algorithm product first described by Drobot and
Anderson (2001). Horizontal black dashed line indicates the 0°C threshold of
surface air temperature. Vertical, black dot-dashed line indicates the first day
that the surface air temperature exceeds this 0°C threshold. Grey bands indicate
periods where the mean daily surface air temperatures was above 0°C
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of the temperature threshold being broken (7 of the melt onsets, compared to 5
for AHRA). Furthermore, when the CMO algorithm is not within one week of the
temperature threshold, the difference between the two timings is around half that of
the corresponding AHRA difference (18.5 days difference vs 38.2 days difference).
The overall standard deviation between the CMO product and the temperature
threshold method is 12.3 days, compared to 31.1 days for AHRA. From this I infer
that the CMO algorithm more closely traces the timing of the 0°C temperature
threshold being exceeded (although this should not be interpreted as CMO being
‘better’ in an absolute sense). The distributions of these timings are displayed as

scatter plots in Fig. S40.

It is also instructive to view the triggering of satellite melt onset products
alongside the evolution of in-situ derived albedo (Fig. 5.5). There is frequently a dip
in albedo that coincides with one or both of the melt onset products being triggered
(see AHRA in panel k, both products in panel g, and the CMO product in panel j). It
appears that changes in the derived albedo can faithfully indicate modifications of
the snow surface by melting. Panel j (NP 31/1989) presents a particularly interesting
albedo timeseries: the AHRA product is triggered on day 150 by a 1-day excursion
in surface air temperature above zero. The temperature then falls back down below
zero for another 23 days, however snow depth consistently declines in that three
week period. Why does the snow thin in this time when surface air temperatures
are below zero? The albedo timeseries indicates that the snow was fundamentally
modified by the day-150 warm event, as its albedo dropped by about 15%. This was
associated by a rain event recorded in the meteorological data. Physical modification
by rain such that it could absorb more solar radiation is likely a contributing factor
to its ablation in the subsequent sub-zero air temperatures, however it may also
be symptomatic of more profound changes in the susceptibility of the snow to
evaporation or sublimation. On day 175, air temperatures rise again above zero, the
CMO algorithm is triggered, and ablation accelerates. This is reflected by another,

larger step change in the albedo.

A lack of albedo change as the snow thins is also potentially informative. For
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instance at NP 28 in 1987 (panel f), the snow thins consistently before the air
temperature rises above 0°C and the CMO algorithm is triggered (on day 160).
This ‘early’ snow thinning is not associated in a change in albedo, which is itself
associated with melting. I interpret this as evidence that the snow is thinning without
melting, potentially either via wind redistribution or by evaporation/sublimation.
When the CMO is subsequently triggered (shortly after a day above 0°C), there is an

associated drop in albedo.

A final, striking comparison is between the melt onsets at NP 30 in 1989 (panel
h) and NP 22 in 1980 (panel b). The NP 30/1989 melt is the only example where
both melt onset algorithms are coincident in time, as well as matching the first day
that temperatures exceed 0°C. This is almost the case for NP 22/1980, where the
air temperature threshold is exceeded on the same day as AHRA triggering, which
both lag the CMO algorithm by one day. It is important to note however that during
this period the melt onset products are produced by the SMMR instrument which
only had every-other-day sampling, introducing a 1-day margin of error. These two
case studies both have good agreement between all three melt onset diagnostics, so |
therefore treat the timing as ‘high confidence’. Based on the strong agreement, it is
interesting that the snow depth at NP 30/1989 does not decrease for another 25 days
after the determined day of melt onset. This is in contrast to NP 22/1980, where the
depth is already decreasing on the determined day of melt onset and continues to

precipitously decline afterwards.

The cause of this difference appears to be the duration for which temperatures
remain above zero in the aftermath of melt onset. At NP 30 in 1989, temperatures
drop back to around -4°C after the above-freezing excursion. At NP 28, they remain
above freezing for three days. These higher temperatures are also associated with
higher low and total cloud cover, and higher relative and absolute humidity in both
the five- and ten-day period after the respective melt onsets (Supp. Fig. S41). NP
30/1989 illustrates an instance where ‘continuous melt onset’ is not necessarily
strictly continuous at a given site - refreezing and further snow accumulation is

possible (See ‘Phase II’ of Vérin et al., 2022, for a similar case).
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Figure 5.5: Co-evolution of derived albedo (orange lines, %) and snow depth (blue lines, cm)
at the eleven NP stations that were both observed by satellite radiometers during
the period of melt onset and took daily snow depth observations consistently.
Vertical green lines indicate the melt onset timing per the Continuous Melt Onset
product of Markus et al. (2009), red lines indicate the timing per the Advanced
Horizontal Range Algorithm product first described by Drobot and Anderson
(2001). Vertical, black dot-dashed line indicates the first day that the mean daily
surface air temperature exceeds 0°C. Grey bands indicate periods where the
mean daily surface air temperatures was above 0°C
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It should also be considered that the seemingly early melt onset diagnosed by
both satellite products at NP 30/1989 is accompanied by a mixed phase precipitation
event, which may have modified the snow surface in a way that triggered satellite-
based products without actually representing melt onset (Supp. Fig. S42). On the
other hand, the melt onset similarly recorded by both diagnostics in 1980 at NP
22 coincides with the first rain event of the season, and is likely caused by it (See
Persson et al., 2002; Ehn et al., 2006; Dou et al., 2019). The first appearance of
liquid precipitation is also roughly coincident with melt onset at NP 24 in 1979 and
NP 31 in 1989 (panels ¢ & j). In both cases, these rain events trigger the AHRA
product, but not the CMO.

5.4.2 Characteristics of snow ablation at NP stations

Figure 5.6 shows the distributions and relationships between snow ablation, the
prior maximum snow depth, and the speed of ablation at NP stations. The mean
ablation rate at the stations around their respective reference ablation days was -2.17
cm/day (when calculated with a five-day window), with a standard deviation of 1
cm/day. When recalculated with a three-day window, it was -2.34 cm/day (with a
standard deviation of 1.2 cm/day). The mean day of crossing the 40% threshold was

day-of-year 180, with a standard deviation of 11 days.

A statistically significant correlation (r = 0.38, p = 0.009) was observed between
the spring maximum depth and the subsequent time at which the snow depth dropped
below 40% of that depth. No statistically significant relationship was observed
between the timing of ablation and the ablation rate, or the ablation rate and the prior

spring’s maximum snow depth.

I also performed an analysis of surface air temperature, to search for a link
between higher air temperatures and ablation rate (in the five day window centred
on the reference ablation day). Although r-values were consistently negative, none
of them were statistically significant. This test was done using various values of

window-length.
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that the 40% threshold is crossed. (b) Distribution of prior spring-maximum
snow depth prior to ablation. (c) Distribution of timings for when NP station
depth crosses 40% of max-value threshold. (d) Relationship between the prior-
maximum snow depth and the day on which the snow depth is reduced to below
40% of the value. Red dashed line indicates a regression line through the data
(e) Relationship between ablation rate (cm/day at time of dropping below 40%
threshold) and the timing of the threshold being exceeded. Later ablation is not
obviously associated with faster ablation. (f) Relationship between ablation rate
and prior maximum snow depth. Deeper snow does not obviously melt faster.
Red markers indicate the centroids of the distributions.
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5.4.3 Comparing snow ablation at NP stations with
SnowModel-LG

I display the co-evolution of snow depth at the fourteen SM-LG tracks studied,
alongside their corresponding NP stations in Fig. 5.7. There are more comparable
series in this analysis than for the comparison with radiometer-derived melt onset
timings (14 vs 11), as SM-LG has full coverage up to 90°N. The snow depth
timeseries from the model demonstrate a persistent early-bias by comparison to
observations. To quantify this bias, the day-of-year on which snow depth declines
to below 40% prior-maximum value was calculated for both the model output and
observations. On average for the fourteen stations (and their corresponding tracks),
this threshold was crossed 8.4 days earlier in the model than observed in-situ (Fig.

5.8a).

The literature (Sect. 5.1.1) and Figure 5.4 indicate that the surface air tempera-
ture (specifically the 0°C threshold) is a strong driver of melt onset: it is therefore the
first line of investigation for bias in SM-LG. In Fig. 5.8b I show that the timing with
which the 0°C threshold is exceeded is generally earlier in the reanalysis that drives
SM-LG than as measured at the NP stations. In fact on average it is 8.9 days earlier,
which is a very similar figure to the 8.4 day SM-LG early bias in snow ablation
timing.

Could this 8.9 day-early temperature bias explain the 8.4 day snow ablation
bias? It would seem not; Fig. 5.8c shows the relationship between the temperature-
threshold and snow-ablation biases for individual stations. There is no clear relation-
ship between a SM-LG parcel exceeding the 0°C threshold particularly early in its
forcing (relative to its paired NP station), and its snow ablating anomalously earlier.

I discuss other potential reasons for this bias in Sect. 5.5.2.

I now turn to the rate of snow ablation in SM-LG, and compare it to the
corresponding NP-stations (Fig. 5.8d). Recall that the ablation rate is calculated as
the slope of the regression line through snow depth in the the days surrounding the
reference date of snow ablation. On average, SM-LG parcels capture the typical rate

of snow ablation observed in-situ. However, the NP stations that ablate faster are not
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Figure 5.7: Individual comparisons between the timing of snow ablation in SM-LG and
nearby NP stations. Solid red lines indicate snow depth observations at stakes,
solid green lines indicate modelled snow depth of the nearest SM-LG parcels.
Dashed lines indicate the day on which the relevant snow depth drops below
40% of its prior spring maximum value.
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Figure 5.8: (a) Comparison between the timing of snow ablation in SnowModel-LG and
nearby NP stations. SnowModel-LG exhibits snow ablation approximately 8.4
days earlier than the corresponding NP stations. (b) Comparison between the
timing with which 0°C is reached by the atmospheric reanalysis that forces
SnowModel-LG, and by the in-situ thermometers. SnowModel-LG forcing
exceeds the threshold earlier than the in-situ measurements by an average of
8.85 days. (c) Relationship between earlier snow ablation in SnowModel-LG
and earlier crossing of the 0°C threshold. No clear relationship is visible. (d)
Ablation rates at the NP stations and nearby corresponding SnowModel-LG
parcels, calculated with a 5-day window centred on the reference day of ablation.
Red markers indicate the centroids of the distributions.

paired with fast-ablating SM-LG parcels. In fact, the opposite is the case: there is a

statistically significant negative correlation (r=-0.67, p = 0.008) between the speed

that an NP station ablates and the speed with which its paired SM-LG station ablates.

The SM-LG parcels considered here generally have less variability in their

ablation rates than the NP stations. For example, for the three-day wide window, the

standard deviation in the fourteen calculated ablation rates is 1.34 cm/day for the NP

stations and 0.716 cm/day for the SM-LG stations. For the five-day window these

figures are 1.06 and 0.55 cm per day respectively.
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5.4.4 Comparing Melt Onset in SnowModel-LG with Satellite
Products

To illustrate my analysis of the ‘daily snow melt’ quantity in the Lagrangian output
of SM-LG, I begin by visualising the data for the same fourteen tracks analysed in
the previous section (Fig. 5.9). These data indicate that there is a pulse of melting in
the snowpack that coincides with the beginning of the snow ablation. Occasionally
(e.g. NP 30 1990), there is a pulse prior to that, while snow is still accumulating.
This represents an early and unsustained period of melting, followed by refreezing;
this could be seen as corresponding to the Early Melt Onset product of Markus et al.

(2009).

Turning first to the pixel-scale analysis, all three diagnostics show more
widespread correlations with the AHRA melt onset product than they do with the
CMO product (Supplementary figures S43 & S44). For the CMO-based comparison,
the two SM-LG ‘output’ diagnostics (snow melt and skin temperature) do not out-
perform the ‘input’ diagnostic of ERAS surface air temperature. As such, the model
does not obviously show skill in representing the CMO product at the pixel (25
km) scale. However, for the AHRA comparison, the snow melt diagnostic of melt
onset marginally outperforms the air temperature-based diagnostic, and its typical
correlation with the AHRA data is higher than any of the CMO based comparisons.
SM-LG is therefore understood to show some skill at the pixel scale in representing

the AHRA melt onset product.

At the regional scale, the picture is different (Fig. 5.10). For the CMO evalua-
tion, the air temperature still seems to perform better (relative to the skin temperature
and snow melt diagnostics) in the individual marginal seas. However, in the Central
Arctic region, the aggregated marginal seas area, and the pan-Arctic grouping, the
skin temperature consistently performs the best, seemingly due to the larger areas
involved. In both the marginal seas aggregation and the pan-Arctic area, the snow
melt diagnostic also outperforms the air temperature diagnostic significantly. SM-LG
can therefore be understood to show skill at simulating the CMO data on these larger

scales (albeit not at the smaller scales of the individual marginal seas).
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Figure 5.9: Evolution of snow depth and daily snow melt at the 14 SM-LG parcels that
were paired with NP stations for comparison. Red lines indicate the snow melt
quantity, and show a clear spike that generally coincides with the start of snow
ablation.
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Figure 5.10: Skill of different SM-LG derived diagnostics of melt onset timing, where a
diagnostic’s skill is defined as representation of regional interannual variability
in two radiometry-derived melt onset products. The two products are the con-
tinuous melt onset (CMO) product of Markus et al. (2009), and the Advanced
Horizontal Range Algorithm product (AHRA) of Drobot and Anderson (2001).
Red bars indicate the timing with which daily 2m air temperatures exceed 0°C,
blue bars indicate the timing with which snow melt exceeds 5 mm of snow
water equivalent per day, and skin temp represents the timing with which the
snow surface (skin) temperature exceeds 0°C for the first time.

Unlike the CMO data, the SM-LG snow melt diagnostic appears to show skill
even on the regional scale when evaluated against AHRA data. Skill scores of all
three diagnostics are noticeably suppressed in the Central Arctic regions relative to
the CMO evaluation, where the lowest scores of this evaluation exercise are produced.
Conversely, the snow melt diagnostic shows high skill in the aggregated grouping of
the ‘marginal seas’ in the AHRA comparison. The highest score of both regional
evaluation exercises is r = 0.81 for the AHRA evaluation in the Laptev Sea. In all
but one of the individual marginal seas and all the large areas of the Central Arctic,
the aggregated marginal seas, and the pan-Arctic scale, the snow melt diagnostic
outperforms the surface air temperature diagnostic. This good performance indicates
that SM-LG is realistically representing the physics of the snow radiative balance
and the snow’s properties in modelling melt onset. This is both on the scale of the

individual marginal seas, and the larger, composite areas.
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As described previously, once melt onset had been determined for each indi-
vidual parcel, the parcel-wise data were gridded using both a drop-in-the-bucket
method and an inverse-distance weighting. In the former, the date of melt onset for
all parcels that experienced melt onset within a 25 km polar-stereographic grid-cell
were averaged. In the latter method, a weighted average was performed on the same
data, with weights determined by the inverse of the distance of the parcel from the
centre of the grid-cell. Implementing the inverse-distance method generally had a
small effect in the marginal seas, but did boost the r-value score of the ‘snow melt’
and the ‘skin temperature’ methods in the Central Arctic for both satellite data sets

by around 0.1.

5.4.5 Mean meteorological conditions in the melt onset period

I now consider the evolution of the ensemble-mean albedo in the period surrounding
the reference day of snow ablation. To do this, I plot the evolution of the absolute
value and time-derivative (Fig. 5.11b & c). The individual albedo estimates (panel b,
grey lines) are fairly constant and tightly grouped in the period between 40 and 25
days before the reference day of ablation. The spread between the timeseries (the
standard deviation) then begins to widen before the reference day of ablation. After
the reference day of ablation the spread between the lines is noticeably larger: the
time-averaged standard deviation after day-zero is more than double the standard
deviation before (13% vs 6%).

As well as increasing in spread, the albedo begins to drop off before the reference
day of ablation. The steepest drop-off in albedo comes in the seven-day period before
peak ablation (when the snow is beginning to ablate; see panel a). The steepest
one-day drop-off in the mean albedo timeseries is -3.3%, and occurs between the
measurements on the third day and the second day before the reference day of
ablation

There is a more noticeable discontinuity across the reference day of snow abla-
tion in the meteorological timeseries (Fig. 5.12) than in the snow albedo. Although
there is large spread between the individual timeseries of air temperature, a clear

pattern emerges in the ensemble average of the timeseries. In the 20 days leading
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Figure 5.11: Evolution of snow depth and albedo before, during and after snow ablation
based on the 40% threshold. Top panel illustrates the snow depth evolution
in this period; day-zero is defined as when the snow depth falls below half
the maximum value. Middle panel illustrates the evolution of snow albedo -
grey lines indicate individual timeseries, blue and orange lines indicates the
all-timeseries average before and after day-zero respectively. Shaded regions
represent one standard-deviation either side of mean value. Bottom panel
shows the gradient of the blue/orange timeseries in the middle panel. Gradient
calculated point-to-point (green line), and from a five-day running mean (red
line).
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up to the reference day of snow ablation, there is a highly linear increase in air
temperature towards 0°C. This has the diurnal temperature oscillation superimposed
on it. The day prior to the reference day of snow ablation features, on average,
above zero temperatures during the warmest part of the day. This is the warmest
temperature of the ensemble-mean timeseries. This is clearly relevant to the fact that

the peak snow ablation occurs between that day’s measurement and the following.

The average temperatures are lower after the day of peak snow ablation, gener-
ally not exceeding zero degrees. Unlike before the reference day of snow ablation,
where there was a clear trend, there is no trend in daily temperatures afterwards.
Another notable feature of the ensemble-mean air temperature timeseries is that the
amplitude of the diurnal oscillations is suppressed after snow ablation. To quantify
this, I detrended both timeseries shown in Fig. 5.12a by subtracting a multi-day run-
ning mean from the values (noting that this had minimal effect on the red timeseries
which was essentially detrended already). This acts as a high-pass filter, isolating
the diurnal oscillations. I then calculated the standard deviation of the detrended
timeseries, and noted that the RMS value for the ‘after’ timeseries was between 35
and 50% of the ‘before’ timeseries (Supplementary Fig. S45). This range of values
comes from the variable number of days I used for the running mean in the high-pass

filter, with wider kernels generally lowering the resulting percentage-value.

There also appear to be contrasting trends in low cloud cover before and after
the reference day of snow ablation (Fig. 5.12b). In the 20 days prior to melt onset,
the slope of the regression line is -0.05 tenths of cloud cover per day - this results
in the reduction of one tenth on average over the period. After the reference day of
snow ablation, the slope of the regression line is +0.03 tenths per day. However, to
the eye it appears that there is also potentially a step change in the absolute values
on the day following the reference day of ablation. The presence of low cloud values
after the reference day of ablation may in fact be skewing the regression line of the
red timeseries to a positive gradient. To put this another way, our break-point at x =
0 for the two regression lines in Fig. 5.12b may not actually be the most physically

meaningful one. This is especially the case given the reference day of ablation was
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Figure 5.12: Evolution of surface air temperature, low cloud cover and specific humidity

before, during and after snow ablation. Day-zero on the x axis represents
the timing with which the individual snow depth timeseries (Fig 5.11) fell to
less than 40% of their spring maximum value. Green and red lines represent
mean values of the timeseries before and after day-zero respectively. Grey
tracer-lines represent individual timeseries - these are not meaningfully visible
for the low-cloud panel as values tend to oscillate between 0 & 10. Black
dashed lines show linear regressions between the before and after timeseries.
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statistically defined, and doesn’t represent melt onset nor the start or end of snow
ablation.

To try to detect the distinction between the potential two regimes, I conducted a
break-point analysis following Tomé and Miranda (2004). This involves fitting two
regression lines to two different but contiguous parts of the timeseries separated by a
break-point, and investigating what break-point position results in the best fit of the
regression lines. However, unlike Tomé and Miranda I relax the requirement that
the regression lines be continuous (i.e. have the same value at the break-point). This
allows my analysis to be open to the possibility of a step-change in cloud conditions
in response to snow ablation.

The results of the break-point analysis support what was described qualitatively
above. The two regression lines fit their respective timeseries best when a break-point
is set 36 hours after the point of peak snow ablation. At this point there is a clear
minimum in the error-function of the regression lines (Supplementary Fig. S46).
This leaves the gradient of the ‘before’ regression line roughly the same (-0.056 vs
-0.053 tenths per day prior), but reduces the gradient of the ‘after’ regression by an
order of magnitude (0.012 vs 0.187 tenths per day prior). For completeness, I also
performed the same break-point analysis on the air temperature timeseries. I find
that the optimal (error-minimising) break-point is 3 hours after noon on the day of
the reference day of snow ablation. I show the results of this break-point analysis
in Supplementary Fig. S46. In addition to this, I also display the evolution of the
ensemble-mean relative humidity, wind speed, sea level pressure and total cloudiness

in Supplementary Fig. S47.

5.5 Discussion

5.5.1 Satellite melt onset products at NP stations

My earlier analysis identified suspicious early triggering of the AHRA algorithm
on day-of-year 120 and 115 at NP 22/1979 and NP 30/1990 respectively. Fig.
5.13 provides a view of these incidents in higher time-resolution. For panel a (NP

22/1979), melt onset is detected at the end of a spike in both air temperature and
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Figure 5.13: Co-evolution of air temperature and relative humidity surrounding the early
triggering of the AHRA melt onset algorithm at two NP stations. Grey bands
represent periods of high (>5 tenths) low cloud coverage. Black dashed
line indicates the 0°C & 100% surface air temperature and relative humidity
thresholds. Red dotted line indicates day on which the AHRA algorithm was
triggered at each station.

relative humidity. The tendency of the AHRA method to be triggered early was
noted by Belchansky et al. (2004a), who specifically discussed the appearance of
‘singular melt events in the snowpack that misrepresented onset of the contiguous
melt season’. However, it appears that the surface air temperature in neither case
was high enough to manifest one of these brief melting events (Fig. 5.13). While a
small albedo reduction does take place, albedo generally remains very high and the
reduction is well within the weekly variation in frozen periods (Fig. 5.5). However,
panel a of Fig. 5.13 does imply that the AHRA algorithm is triggered by some real
geophysical signal, since the triggering occurs at a local temperature maximum and a
day after a relative humidity maximum. [ attribute the early triggering to the opening
of a lead, which has been shown to falsely trigger melt onset algorithms such as

AHRA (Smith, 1998).

As for panel b (NP 30/1990), the ARHA data feature a visually distinctive swath

of early melt onset extending from the North Pole to the Bering Strait (Fig. 5.14).
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This swath is not clearly visible in the product of Markus et al. (2009), which was
downloaded as part of the same data product from Steele et al. (2019). But does
this swath represent a real signal? It is intriguingly also present in all three SM-LG
diagnostics of snow melt onset timing (surface air temperature forcing, snow melt
and skin temperature). This indicates that it probably does have a physical origin,
but likely represents a period of transient melt that does not trigger the ‘continuous

melt onset’ algorithm of Markus et al. (2009).

5.5.2 Comparison of Snow Ablation at NP Stations with
SnowModel-LG Parcels

In Sect. 5.4.3 I showed that the ERAS atmospheric reanalysis typically became
warmer, earlier by an amount that seemed consistent with the earlier snow ablation
timings. However when considering paired NP stations and SM-LG parcels, parcels
that were warmer earlier did not feature correspondingly bigger biases in snow
ablation timing. As such, surface air temperature is likely not the primary driving
factor of the SM-LG ablation timing bias. Earlier warmth in reanalysis data may
in fact reflect another, more relevant variable, such as earlier shifts in downwelling
longwave radiation. Unfortunately downwelling longwave radiation was rarely
recorded in-situ at drifting stations, so a direct analysis is not possible.

As mentioned in Sect. 5.1.4, Hanesiak et al. (1999) found that the timing of
snow melt in a model was sensitive to the time-step of the model forcing due to more
intense shortwave forcing. SM-LG is driven by 3-hourly atmospheric reanalysis,
begging the question of how melt onset timing would change if the forcing time-step
were more frequent. Hanesiak et al. argued that higher time-resolution in forcing
resulted earlier melt onset, so it seems that increasing the time-resolution of SM-LG
is unlikely to reduce the early bias at hand. Running a sensitivity analysis of SM-LG
to the forcing time-step may prove insightful in future.

As well as the forcing time-step, the values of the forcings themselves are also
uncertain. In this chapter I have focused on the available data produced by the ERAS
atmospheric reanalysis. SM-LG has also been driven by the MERRA-2 atmospheric

reanalysis, and a comparison between the model outputs from each forcing data
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Figure 5.14: Illustration of the 1990 melt onset pattern in both the AHRA (Drobot and An-
derson, 2001), Early Melt and CMO (Markus et al., 2009) passive-microwave
products, as well as the three SM-LG related melt onset diagnostics. The Early
Melt product is generally not discussed in this chapter, however is shown here
as it appears it partially reflect the characteristic early streak in SM-LG and
AHRA melt onset data. Green marker indicates position of NP 30/1990 when
it encounters melt onset per the AHRA product.
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set may be instructive as to the impact of the reanalysis uncertainties on modelled
melt onset characteristics. However, even if the reanalysis variables were perfectly
accurate, there is still uncertainty surrounding how these would translate to forcing of
the snow surface. This is because variables such as the snow surface topography are
relatively unknown, with knock-on uncertainties on turbulent exchanges of sensible
and latent heat. The roughness length for momentum exchange is assumed within
the SM-LG meteorology preprocessing to be 10~% m, and conditions of neutral
boundary-layer buoyancy are often assumed. Deficiencies in these assumptions may
drive inaccuracies in modelled snow ablation timing.

It also possible that higher snow depths in SM-LG parcels compared to their
paired NP stations led to their earlier snow ablation. While it is unlikely that the
depth will affect the timing of melt onset, it is possible that deeper snowpacks require
greater energy input to overcome their liquid water holding capacity and begin
significantly reducing in depth due to drainage (Musselman et al., 2017; Colbeck,
1976); this is relevant because reduction in depth is treated synonymously with
ablation in this chapter. However, it should be borne in mind that snow depth is
just one property of a snowpack; for instance SM-LG may misrepresent the surface
albedo of the snow, causing earlier ablation. This was not investigated here as the
variable was not available for output. SnowModel-LG might be modified in future
to output a larger suite of geophysical variables, which would allow a more precise

understanding of its biases.

5.5.3 Representation of snow melt onset timing in

SnowModel-LG compared to satellite products

It is unclear what causes the scale dependence of SM-LG’s melt onset timing per-
formance when evaluated against radiometry-derived melt onset products. Recall
that at smaller scales the model forcing (surface air temperature) performed better
relative to the model output diagnostics (snow melt and skin temperature). On large
scales, the higher skill of the snow melt diagnostic (a SM-LG output) relative to the
air temperature forcing (a SM-LG input) is promising: it indicates that the model

is usefully integrating not just information from the surface air temperature, but
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also the radiative balance of the snowpack and also the role of the snow conditions
themselves. This integration results in improved melt onset timing representation
relative to the air temperature alone, at least when evaluated against the AHRA
product. At the pixel scale, it is conceivable that the SM-LG performance is poor due
to pixel-scale noise in the satellite products themselves, which cannot be replicated

by the model.

It is also possible that a sytematic bias exists involving temporal sampling of
satellite radiometers. The melt onset products discussed here are generated from
gridded products which include the averages of satellite-mounted radiometers on
both ascending and descending orbits, thus encapsulating different times of day.
However in at some times and places, diurnal forcing is relevant to melt onset timing.
An ideal melt onset product would potentially only include data recorded at times of

high radiative forcing of the snow.

Considering the marginal seas, what could be the root of the improved SM-LG
skill in AHRA relative to CMO? I attribute this to the ‘continuous’ nature of the
CMO algorithm, and my choice of SM-LG diagnostics (in particular the threshold
based approach). Because I designed both the snow melt and skin temperature
thresholds to be triggered the first time that melting and temperature thresholds were
exceeded, the resulting timings may not reflect continuous melt, but instead the first
instance of melt at a Lagrangian parcel in a given season. This is more similar to
the goals of the AHRA algorithm, than the CMO algorithm. In future, the SM-LG
diagnostics could require snow melt or skin temperature to remain above a threshold

for a certain amount of time to better simulate the CMO product.

In the AHRA evaluation it is noticeable that all diagnostics represent interannual
variability in the Central Arctic very poorly; what is it about the Central Arctic that
might cause this poor agreement? Firstly, it is striking that because SM-LG does not
include the effects of snow salinity, one might expect a worse performance in the
marginal seas, where the sea ice is more seasonal and the snowpack is therefore more
saline (e.g. Nandan et al., 2017). If this effect is relevant, it appears to be outweighed

by other factors. It is also clear that this effect is likely not scale dependent, since
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SM-LG performs well in the same evaluation in the aggregated marginal seas, which
cover an area comparable to the Central Arctic in size.

One explanatory feature may not be the snow salinity, but the underlying sea ice
roughness. It may be that SM-LG better simulates the snow conditions on the more
level, first year ice of the marginal seas. This could be due to improved performance
in the effects of blowing snow redistribution or turbulent exchanges of heat energy
as discussed in Sect. 5.5.2. Improved performance over level ice may allow SM-LG
to better capture the timing of melt onset (relative to the air temperature forcing), as
it is meaningfully integrating the various relevant snow properties. In the Central
Arctic, where ice roughness may diminish SM-LG performance, the modelled snow
properties may not be as accurate, and therefore melt onset timing may not be
well-represented. However, it is also important to consider that coastal weather
stations in Northern Russia may allow hard-to-model reanalysis variables to be better
constrained in the marginal seas. This may also lead to better representation of snow
properties by SM-LG, and better representation of other forcings in addition to air
temperature, such that melt onset is better modelled in the marginal seas. With the
above being said, it remains unclear why these mechanisms would diminish the
Central Arctic skills so much more in the AHRA evaluation relative to the CMO

evaluation.

5.5.4 Changes in ensemble-average snow and meteorological

conditions surrounding snow ablation

I first discuss the albedo evolution displayed in Fig. 5.11. The timing of the evolution
generally agrees with the two campaigns documented by Vérin et al. (2022), although
the NP measurements were not hyperspectral. However, it is noticeable that the
mean value post melt onset is higher than Vérin et al. (2022): this is potentially due
to the (statistically) thinner snow, or the fact that the underlying ice at NP stations
was multi-year. More likely, however, is the differences in the frequency range and
sensitivity of the NP-station radiometers, as the albedo of snow is significantly lower
at higher wavelengths. These high values after melt onset are also visible in the

monthly analysis of Perovich et al. (2002).
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Turning to the temperature analysis, there was a clear change in the nature of
the timeseries around the reference day of ablation. Prior to the reference day there
was a highly linear, increasing trend. Afterwards there was no trend, with daily
maxima generally not exceeding 0°C. I interpret this limit as relating to the latent
heat of snow and ice melting. As the sun continues to rise in the sky and put more
energy into the atmosphere ice system, the energy is used up in changing the phase
of the snow and ice. It is therefore not used to raise the temperature of the air; this is
why the air temperature increases so linearly before the snow ablation, but remains
so flat afterwards. This is also related to why the Arctic Ocean has warmed so much
slower in summer compared to the other seasons, particularly where sea ice is present
(See Chapter 1, Fig. 1). When energy is put into the atmosphere in winter when
temperatures are well below zero, the system is warmed. However, when energy is
put into the air in the summer, it goes into melting sea ice. The sea ice therefore
‘pegs’ the surface temperature near zero degrees, with the energy imbalance due to
climate change preferentially acting to melt the sea ice cover rather than warm the
lower atmosphere.

The cloud-cover analysis in Fig. 5.12 indicated decreasing cloud coverage in
the period leading up to melt onset. This is in contrast to the increasing trends in
both absolute and relative humidity in the run up to melt onset (Fig. 5.12c, Fig.
S47). While relative humidity increases throughout the 40-day window centered
around the reference day of ablation, the absolute humidity (the quantity that controls
downwelling longwave) shows a similar trend to the air temperature, increasing to
a local maximum before the reference day of ablation, and then plateauing. So it
is the case that the cloud retreat causes the incident shortwave forcing to increase
faster than would be expected purely due to increasing solar zenith angle, while the
absolute humidity is also increasing which is favorable to downwelling longwave

radiation.

5.5.5 Future Research Directions

In Sect. 5.4.3 1 compared the evolution of SM-LG parcel snow depths with the

evolution of nearby, in-situ snow depths at NP stations during the period of snow
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melt onset. In future, a comparison could be conducted of snow depth evolution
over the full season. This analysis could include the modern snow-buoy data from
Nicolaus et al. (2021). Such an analysis could also evaluate the snow density values
from SM-LG against snow density measurements taken on the NP snow transects
(not shown in this thesis). Such Lagrangian-style evaluations were not performed in
the SM-LG evaluation paper of Stroeve et al. (2020a), but would potentially yield

significant insight into the performance of the model and accuracy of its forcing.

This study also identified the key role of liquid and mixed-phase precipitation
in several of the station melt onsets. In future, this could be the subject of dedicated
analysis, perhaps by driving the SNOWPACK model (Wever et al., 2020) across melt
onset and comparing runs with and without a small amount of liquid precipitation.
This would reveal the impact of liquid precipitation in triggering melt onset relative
to control runs. Such a dedicated analysis should also include a more quantitative
treatment of the amount of rain on snow associated with snow ablation at NP stations.
This is non-trivial, as the amount of precipitation recorded does not necessary reflect
the amount of actual precipitation due to evaporation-based and wind-driven biases
in the NP precipitation gauges (Boisvert et al., 2018, and references therein). More
generally, the melt onset detection algorithm of Markus et al. (2009) could potentially
be modified to detect rain on snow events, with training based on rain on snow events

present in atmospheric reanalysis.

SM-LG showed more skill than reanalysis surface air temperature in reflecting
satellite-derived melt onset timings on large spatial scales. This raises the possibility
of modelling melt onset timings into the future. SM-LG could potentially be driven
into the future with atmospheric forcing and ice motion vectors produced by an earth
system model such as CESM2. It would then be possible to investigate the timing of
large-scale snow melt onset in the future, based on the SM-LG skin-temperature and

daily snow melt outputs.

It would also be instructive to link the parcel-wise output of SM-LG to a
radiative transfer model such as the snow microwave radiative transfer model (SMRT;

Picard et al., 2018). This would allow direct simulation of the brightness temperatures
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that are actually observed by satellite mounted radiometers. This avenue was not
considered for this thesis because SM-LG has not yet been configured to output its

internally computed snow stratigraphy (a necessary input for SMRT).

5.6 Summary

In this chapter I analysed the evolution of snow depth at NP stations in the period
of melt onset, and compared it to two satellite-based products for melt onset timing
and the output of a recently developed snow model. While air temperature data from
the stations have been used in evaluation of melt onset products before (through
assimilation into gridded products such as IABP/POLES and the NCEP atmospheric
reanalysis), this was the first time the evolution of snow depth (and the timing of
snow ablation) has been used. A Lagrangian analysis of surface air temperature
data was also performed, which circumvented gridding and interpolation related

uncertainties associated with previous work.

Although the timing of melt onset is not the same as the timing of snow ablation,
I was able to find instances where the satellite-products noticeably lagged snow
ablation, indicating a lack of skill. It is important to note that the satellite melt
onset products do not claim to represent the same quantity, and thus should not be
expected to agree with each other: one represents initial melt onset, while the other
represents the onset of continuous melt. Qualitative assessment of skill was also
performed by comparing the satellite-derived timings to the air temperature and snow
albedo timeseries: on average the CMO algorithm of Markus et al. (2009) matched
the timing of above-freezing air temperatures more closely than that of Drobot and
Anderson (2001). Both satellite-derived melt onset timings and snow-depth-derived
ablation timings were associated with drops in derived snow albedo. The above two
satellite products were often mismatched with each other. The only two cases where
both products matched the timing of the first above-freezing air temperatures was

when that timing itself matched the season’s first mixed- or liquid-phase precipitation.

I also compared the timing and speed of snow ablation at the NP stations to

nearby SM-LG parcels. I found that the timing of snow ablation at NP stations was
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around nine days after ablation at their corresponding paired parcels. Investigating
the forcing, I found that the surface air temperature went above 0°C around eight
days earlier. However, individual variation in the difference between modelled and
observed ablation timings did not correlate with individual differences in the timing
of the 0°C surface air temperature threshold being exceeded. I also analysed the
speed at which the snow ablated, and found SM-LG ablation speeds to be comparable
on average with the NP stations. However, individual variability in ablation speed at

the NP stations was not reflected in their corresponding SM-LG tracks.

I compared the representation of melt onset in SM-LG with the previously men-
tioned satellite melt onset products over the 1981-2018 period. I did this by defining
melt onset in SM-LG in three ways: a daily snow melt quantity threshold, a snow
surface temperature threshold, and (for identifying skill) a surface air temperature
threshold. Model skill was defined as the outperformance of the surface air tempera-
ture diagnostic by the model-derived snow melt and skin temperature diagnostics.
My ability to choose the thresholds allowed me to tune the bias to some extent, so I
opted to quantify the skill of each diagnostic in terms of its representation of regional-
or pixel-scale interannual variability in melt onset timing. After some sensitivity
analysis of my thresholds, I found that the model outputs (skin temperature, daily
melt quantity) did not outperform surface air temperature as indicators of either
satellite product at the pixel level. This was potentially due to pixel-scale noise in
the satellite products themselves. However, the snow melt diagnostic of SM-LG
generally outperformed the surface air temperature method when evaluated with
the AHRA product at the regional scale and larger, indicating model skill. It was
speculated that a more sophisticated diagnostic design in SM-LG would improve its
representation of the CMO product. The performance of snow melt as a diagnostic of
satellite-derived melt onset timing was found to be sensitive to the parcel regridding

technique.

Finally, I investigated ensemble-mean changes in the snow albedo and mete-
orological conditions before, during and after in-situ observed snow ablation by

aligning the relevant timeseries to a consistent reference point of ablation. This
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revealed highly linear increase in ensemble-averaged air temperatures up until the
reference day of ablation (on which ensemble mean ablation was maximal). After
this day, the average air temperature timeseries was flat and rarely exceeded 0°C.
This was attributed to the effects of latent heat of melting ice. Ensemble-averaged
low cloudiness generally decreased until shortly after the reference day of ablation,
after which it showed an increasing trend. This was striking, since on a multi-day
timescale both relative and absolute humidity showed fairly monotonic increases
up to the reference day of snow ablation: this implies that melt onset is driven by
both cloud conditions that are increasingly favorable to shortwave forcing, and water

vapor conditions that are favorable to longwave forcing.



Chapter 6

Thesis Summary and Future

Directions

In this thesis I have considered snow on Arctic sea ice from different angles, with my
investigations all featuring snow observations by Soviet drifting stations in some way.
This chapter will begin by reflecting on the context of this thesis in terms of externally
set observational requirements and challenges. I will then draw the individual
chapters’ investigations together, and discuss their relationships to each other. In
particular, I will consider the relevance of my investigations to planned future
satellite missions and observational campaigns, before discussing the limitations of
the data approaches presented here. Finally, I will make recommendations for future

fieldwork in both polar regions.

6.1 The ESA Sea Ice Challenge

In 2015 the European Space Agency launched a new Earth Observation Science Strat-
egy (ESA, 2015). As part of this, ESA specified five challenges for The Cryosphere,

the first of which (C1) is to improve understanding and quantification of:

“Regional and seasonal distribution of sea-ice mass and the coupling
between sea ice, climate, marine ecosystems and biogeochemical cycling

in the ocean.”

All four research-chapters of this thesis are aligned with this challenge. Chap-

ters 2 & 3 directly address the seasonal cycle of sea ice thickness (and so mass),
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and include full regional break-downs. Chapter 4 (on the local-scale snow depth
distribution) will help establish the coupling between sea ice and climate (via heat
flux), and marine ecosystems (via light flux). This is also true for Chapter 5, which
concerns the timing of melt onset: this is vital for fully representing the climate’s
influence on sea ice in models, and also the timing of light availability for marine
ecosystems, with impacts on biogeochemical cycling.

Chapters 2 & 3 also address the user requirements as defined by a recent survey
by the ESA Climate Change Intiative (CCI; ESA, 2019). For responses regarding

requirements for sea ice thickness:

“the majority of the respondents required spatial resolution better than

50 km and measurement precision better than 20 cm.”

While this thesis does not address the spatial resolution of sea ice thickness re-
trievals (instead relying on pre-gridded products), the improvements to the treatment
of snow in the retrieval-chain will likely result in higher precision of the derived

variable.

6.2 Satellite Radar Altimetry

The first two research chapters considered estimates of sea ice thickness from satellite-
mounted radar altimeters. Specifically, the role of snow in slowing radar waves was
discussed in Chapter 2, and the impact of interannually variable and trending snow
loading was assessed in Chapter 3. Taken together, I believe that these chapters
represent an advance in the field of satellite retrievals of sea ice thickness from
Ku-band altimeters flown on missions such as EnviSat, CryoSat-2 and Sentinel-3.
This is relevant in light of Chapter 1 (Sect. 1.4), where I described the status of sea
ice thickness as an Essential Climate Variable.

I also hope that this work will help the altimetry community extract value from
the European Space Agency’s upcoming CRISTAL altimetry mission (Kern et al.,
2020), which is currently planned for launch in 2027. However, it is important to
view the work within this thesis in the context of the remaining, large uncertainties

that surround estimates of sea ice thickness from radar altimetry data.
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6.2.1 Radar Penetration of Snow on Sea Ice

It is becoming increasingly clear that Ku-band radar waves emitted by altimeters do
not consistently return from the sea ice surface. This has been argued by several pre-
vious papers (e.g. Willatt et al., 2011; Ricker et al., 2015; Armitage and Ridout, 2015;
King et al., 2018), but it is also becoming evident from separate research currently
underway at CPOM UCL. This thesis has not grappled with the issue of partial radar
penetration of snow, but has simply cited it as a potentially risky assumption. Future
studies seeking to refine satellite-based sea ice thickness retrievals (as I have tried to
do in Chapters 2 & 3) should engage with this challenge. Part of this engagement
will undoubtedly involve modelling the physical properties of snow on sea ice that
may cause the unwanted interception of radar waves. The snow and meteorological
observations from NP drifting stations may prove useful in guiding and evaluating

these modelling exercises.

6.2.2 Increasing Hostility of the Arctic Ocean to Radar
Altimetry

The multi-year sea ice of the Arctic Ocean is being replaced with a seasonal, thinner
ice cover, which forms and grows in winter, and then is fully melted each summer
(Stroeve and Notz, 2018). This more seasonal state is roughly associated with what
some have described as the ‘New Arctic’ (e.g. Petty et al., 2018b), and a process that
others have described as ‘Antarctification’ (Granskog et al., 2019). This new state
also represents a departure from the conditions in which the NP station data were
gathered, increasingly limiting their usefulness over time. This new Arctic state may

be less conducive to Ku-band radar altimetry of sea ice thickness for several reasons:

Firstly, thin sea ice generally has a lower freeboard than thick sea ice. Radar-
altimetry of ice with low freeboard has a considerably larger associated uncertainty
(Ricker et al., 2017). This is broadly because as the difference in the retracked
heights of leads and floes becomes smaller, some uncertainties (e.g. waveform
interpretation) remain the same size. As such, the freeboard uncertainty becomes a

larger proportion of the freeboard estimate. Evolution of ice freeboard into the future
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could be estimated under different emissions scenarios using the publicly available
archive of CMIP6 data (see Notz and SIMIP Community, 2020).

The smoother, more seasonal ice may also be more specular, posing additional
challenges involving the discrimination of waveforms from leads and floes - however
this has not yet been the topic of a dedicated study. Furthermore, the ice in the
Arctic Ocean is becoming more dynamic, which is associated with more frequent
lead opening (Rampal et al., 2009). While this may bring the benefit of shorter-range
interpolation when comparing waveforms from floes with waveforms from nearby
leads, it may also lead to more frequent contamination of waveforms. Contaminated
waveforms, which come from an ambiguous mix of lead and floe surfaces, are
currently not analysed in conventional sea ice thickness processing chains. The
presence and impacts of potentially more specular and more contaminated ice should
be the topic of a future studys; it is likely that all data required for this analysis is
publicly and readily available.

Finally, the increasingly dominant seasonal ice in the Arctic Ocean is more
capable of producing a saline overlying snowpack (e.g. Nandan et al., 2017). The
presence of salt and associated liquid water content at temperatures below zero
turns radar-scattering in snow from a two-medium problem (ice and air) into a
three-medium problem (ice, air and water). This is a notable extra challenge for the
Ku-band altimetry community, as the processes controlling upward salt transport in
snow are poorly understood. It is also a challenge for those wishing to model radar
backscatter with models such as SMRT (Picard et al., 2018), as the three-medium

regime has historically been considerably less studied.

6.3 The Sub-Kilometre Scale Snow Depth

Distribution

In Chapter 4 I developed a snow depth distribution based on snow depth transects
taken at Soviet drifting stations. The underlying motivation for this work was
to improve the estimates of ice-air fluxes of heat and light, which are discussed

at the end of the relevant chapter. However, there are also applications of the
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distribution to altimetry (both laser and radar) and radiometry, which link it directly
with the other investigations in this thesis. The snow depth transect data also likely
retain unextracted information on the relationship between local scale snow depth

distribution and meteorological forcing.

6.3.1 Satellite Altimetry

Topographic roughness is emerging as a key determinant of radar-waveform shape,
and must be understood in order to accurately interpret returns from radar-altimeters
(Landy et al., 2020). While the role of the snow depth distribution is undoubtedly
relevant to this problem of interpretation (particularly at less-penetrating frequencies
such as Ka-band), its influence is convolved with the topography of the underlying
ice. If thicker snow is coincident with topographically higher ice, the snow surface

is rougher than if thick snow is coincident with topographically lower ice (Fig. 6.1).

An obvious next step is to link the thesis chapter on the snow depth distribution
(Chapter 3) with the radar altimetry chapters (Chapters 4 & 5). This could be done
by combining terrestrial laser scanning (TLS) with precisely geolocated snow depth
measurements. TLS generates a 3-dimensional map of the snow surface topography,
from which geolocated snow depth measurements can be precisely subtracted to
reveal the underlying ice topography. By combining TLS with geolocated snow depth
measurements, the relationship of the local snow depth distribution to the underlying
ice topography would be revealed, and insight into radar waveform interpretation
may be achieved. To do this effectively may require an upgrade in the precision of
the GPS unit on the conventional self-measuring snow probes (Sturm and Holmgren,
2018); this might be achieved through the use of differential GPS (DGPS Blackwell,
1985) on landfast ice.

With the relationship between snow depth and ice topography established, a new
understanding of topographic roughness could be implemented in radar-altimeter

simulators such as that of Landy et al. (2020).
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(a) Rough Snow Surface

(b) Smooth Snow Surface

Figure 6.1: Schematic of two theoretical snow surface topographies stemming from different
relationships between snow depth and ice surface topography. (a) snow depth is
greater where ice topography is higher, creating a topographically rough snow
surface. Ice topography is accentuated (b) snow depth is greater where ice
topography is lower, resulting in a smooth snow surface. Ice topography is
suppressed.

6.3.2 Snow Distribution Sensitivity to Meteorological Forcing

In Chapter 3 I presented a roughly linear relationship between the mean snow depth
of a transect and its standard deviation, with a Pearson r-score of 0.66 (Fig. 4.3).
This score indicates that there is considerable spread about the linear regression.
Variable roughness of the underlying ice likely explains some of this variation, but
the role of meteorological forcing is yet to be fully investigated.

One key meteorological driver may be strong winds, which could act to redis-
tribute the snow and thus change the ratio of standard deviation to mean depth, or the
skew of the depth distribution. In Chapter 5 I briefly described the occurrence of early

spring mixed- and liquid-precipitation that did not trigger continous melt onset. The
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impact of rain on snow in changing, and perhaps cementing the sub-kilometer snow
depth distribution could be investigated in future. This same is also true for wind-slab
formation: if slab-forming events can be identified in the NP meteorological record,

their role in fixing the snow-depth distribution might be quantified.

6.4 Melt Onset Timing and Altimetry

In Chapter 5 I investigated the timing of snow ablation at NP stations. I compared
these timings with two satellite products for snow melt onset, and also to ablation

timings from a recently developed model (SnowModel-LG).

The timing of melt onset and ablation is linked to Chapters 2 & 3 on radar
altimetry retrievals of sea ice thickness. As mentioned in Chapter 5, a year-round sea
ice thickness product was recently released by Landy et al. (2022). This product uses
SnowModel-LG (Liston et al., 2020) data to quantify the impact of snow loading
in the conversion of radar freeboard retrievals to sea ice thickness estimates. This
makes the comparison between ablation timings at NP stations and SnowModel-LG

particularly relevant.

Figure 6.2 shows the evolution of the radar freeboard, snow loading, and derived
sea ice thickness in a small ‘test region’ near the North Pole around the period of
melt onset in the new year round product. The coordinates defining this region are
given with a map in Figure S48. In several years (2012, 2013, 2014, 2016, 2017,
2020) there is a spike in the radar freeboard around the time of melt onset (as derived
using data from Markus et al. (2009)). This spike is likely driven by two phenomena:
reduction in the penetrability of the snow as it becomes wet, and subsequent uplift of
the ice surface in response to reduced snow loading from snow melt, evaporation
and drainage.

In 2011 it is clear that the snow loading (black dotted line) melts too late, in
that it occurs after the radiometry-derived melt onset timing (red band). This causes
the derived sea ice thickness (green line) to hold unrealistically steady in the face of
declining radar freeboards, before rapidly plunging.

In other cases, the modelled snow depth often declines significantly before melt
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Figure 6.2: Plots of the seasonal evolution of mean radar freeboard, sea ice thickness,
and snow loading (from SM-LG) in a region of interest near the North Pole
(Supplementary Fig. S48). The timing with which satellite-derived melt onset
occurs is marked in red: this represents one standard deviation either side of the
mean melt onset timing of grid cells in the region of interest.
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onset is detected in the satellite product - this is consistent with the biases I found in
Chapter 5. This, in part, contributes to the potentially unrealistic declines in derived
sea ice thickness in the weeks before snow melt onset. The work that I have done
in this thesis (specifically Sect. 5.4.4) in comparing SnowModel-LG to melt onset

products will help refine the product in this period of rapid change.

One final intriguing aspect of Figure 6.2 is that the radar freeboards consistently
decline in the weeks before radiometry-derived melt onset. One explanation of this is
potentially reduction of the ice freeboard by melting of the ice from below. Another
is perhaps a combination of poor radar penetration (meaning the radar freeboard
corresponds to the snow surface), and a settling and densification of the snow in
the lead up to melt onset. Insights from Chapter 5 into the relationship between
melt onset and snow/radar interactions will be the foundation for addressing these

questions.

6.5 Future Satellite Altimetry Missions

The European Space Agency plans to launch a ‘next generation’ altimetry mission
dedicated to Earth’s cryosphere in late 2027: this is known as the Copernicus Polar
Ice and Snow Topography Altimeter (CRISTAL, Kern et al., 2020). It is due to be
joined in 2028 by a next-generation radiometer known as the Copernicus Imaging
Microwave Radiometer (CIMR, Vanin et al., 2020). Together, these missions will
provide future data on sea ice thickness (relevant to Chapters 2 and 3) and on melt

onset timing (Chapter 5).

Both CRISTAL and CIMR will likely be used for snow depth determination:
for CRISTAL, this will be done by taking the difference in radar-ranging at different
frequencies (e.g. Guerreiro et al., 2016), and for CIMR this will be done using
the ratio of brightness temperatures at different frequencies and polarisations (e.g.
Rostosky et al., 2018). Snow depth determination is an explicit goal of the CRISTAL
mission (Kern et al., 2020). Several uncertainty targets are given for the derived
snow depths; these result from differing user-group requirements with regard to

spatio-temporal resolution. Target uncertainties as low as 0.01, 0.02, and 0.05 m are
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listed for horizontal resolutions of between 1 and 10 km (ESA, 2020a; p 68).

The role of snow as characterised in this thesis may prove problematic: the
CRISTAL mission requirements document requires a freeboard retrieval accuracy
of 0.03 m, and a sea ice thickness retrieval accuracy of 0.15 m. The first potential
issue with this is that a 0.03 m accuracy in freeboards would not support 0.15 m
accuracy in sea ice thickness, since a freeboard value is multiplied by around a factor
of nine in the conversion to sea ice thickness. So even if all aspects of the hydrostatic
conversion were known precisely, the target freeboard accuracy would result in a

thickness accuracy of around 0.27 m.

The second issue involves the role of snow in the conversion of radar freeboard
to true (ice) freeboard, discussed in Chapters 2 & 3. If we assume that Ku-band
radar waves penetrate the snowpack fully and we are able to interpret the returned
waveforms exactly, then the radar freeboard would differ from the true freeboard by
only the mean delay due to slower radar wave propagation in snow. The uncertainty
in the correction for slower propagation delay alone could potentially be 0.03 m -
the target accuracy of the freeboard retrievals. To illustrate this, a depth-uncertainty
of 0.12 m of snow at a typical density of 300 kgm™ (30 kgm2) would result in an
uncertainty in the propagation delay correction of 0.03 m. Any uncertainty regarding
penetration or waveform interpretation on top of this would cause the freeboard

accuracy target to be missed.

It is noteworthy that the CRISTAL mission will carry a nadir-looking, multi-
frequency radiometer for purposes of atmospheric correction (ESA, 2020b; p 36).
While the precise channel-frequencies remain uncertain (as there are currently two
radiometer designs being considered), it is very likely that the end-design will include
channels suitable for snow depth retrieval. This may provide a valuable independent
avenue for evaluating CRISTAL dual-frequency snow depth retrievals and informing
sea ice thickness retrievals. If this radiometer can be used to also determine ice type
and sea ice concentration, CRISTAL’s reliance on observations from CIMR will be
minimised.

CRISTAL’s downward-looking radiometer may also be useful for detecting
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melt onset, and the effects of transient melt events on the radar freeboard in the cold-
season (October - April). Given the same angular field-of-view, downward looking
radiometers have the advantage of having a smaller observed area on the ground
relative to the more conventional mounting-angles (~55°) on missions such like
SMMR, SSM/I and CIMR. This smaller observed area will be useful for comparison

with the comparatively small footprints of the onboard altimeter.

6.6 Future Field Campaigns

6.6.1 Antarctica

The snow cover and sea ice thickness of Antarctic sea ice remains poorly monitored,
in part because fewer field campaigns (like the NP program) have been undertaken
there. However, Antarctic sea ice extent has recently been below the long-term
average, and reached a record low in 2022 (Turner et al., 2022); this has intensified
scientific interest, and has led to the funding and planning of several new field
campaigns. These campaigns will investigate the themes of this thesis: the role of
snow in radar-based sea ice thickness retrievals, the snow depth distribution, and

melt onset characteristics.

Antarctic sea ice campaigns are generally either performed from coastal stations
or from ship-based transects. Coastal stations offer the possibility to capture the time-
evolution of the snow at a given location. The downside of this type of campaign
is that it is challenging to compare the in-situ observations with satellite-based
altimeter and radiometer measurements due to issues of land-contamination of the
satellite footprint/field of view. Furthermore, sea ice at these sites is often land-fast
(particularly when nearby icebergs provide ‘pinning-points’. Landfast ice can have
different properties to the pack ice, as floes are less able to reorientate themselves in
response to the wind, and weather originating from the landmass may have a strong
effect. These issues pose challenges to simple mapping of the science in this thesis
to land-adjacent campaigns in Antarctica. Nonetheless, a overwintering campaign is
planned for 2023 on Adelaide Island in West Antarctica, with a particular focus on

the snow cover. This campaign will undoubtedly be influenced by the results in this
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thesis. In particular, the decomposition of sea ice thickness retrievals into ‘snow’ and
‘radar freeboard” components (Chapter 3) will influence work performed with an
in-situ radar instrument. Snow depth transects will also be performed, and the results
compared with the model presented in Chapter 4 (with the caveats concerning the
nuances of landfast ice and seasonal ice). Finally, the melt onset characteristics of
the snow cover will be observed in the full context of nearby, crewed weather station.
The melt onset characteristics of Antarctic snow on sea ice are likely to be different
to those described in this thesis for several reasons: the first being that Antarctic
sea ice outside of the Weddell and Ross Seas is almost entirely seasonal, leading
to the issue of snow salinity described in Chapter 5. However, another key feature
of Antarctic sea ice is its low latitude (by comparison to the Arctic, but more so
the high-latitude NP stations). This will lead to stronger diurnal cycling around the

period of melt onset, requiring a higher temporal frequency of in-situ observations.

The alternative to coastal-campaigns in Antarctica is ship-based transects, al-
though very few Langrangian-style drifting campaigns similar to the NP-program
have been performed. Notable exceptions to this are the Ice Station Polarstern (IS-
POL; Hellmer et al., 2008) and Ice Station Weddell (ISW; Gordon and Schlosser,
1993) campaigns. The dominant mode of ship-based transects do not afford consis-
tent monitoring of the same snow in a way that allows a process-based understanding.
Based on the work in this thesis, it is therefore my recommendation that this be
undertaken again, in what might be termed a ‘Southern MOSAIC’ similar to ISPOL
and ISW.

Beyond the topic of field campaigns, the snow loading on Antarctic sea ice
remains very poorly constrained and this is worthy of comment here. No analogous
product to the climatology of Warren et al. (1999) exists (Chapter 2), and models
such as SnowModel-LG used in Chapter 3 have not yet been run in Antarctica. This
is in large part due to the much higher ratio of snow loading to sea ice thickness in
the Southern Hemisphere, which causes snow flooding that is difficult to represent in
physical models. It is also the case that the atmospheric reanalysis that is required to

drive models like SnowModel-LG is more uncertain due to the paucity of coastal



weather stations and drifting platforms relative to the Arctic. If Southern Ocean
sea ice thickness it to be meaningfully retrieved with conventional methods, then

hemisphere-specific snow-loading products must be developed.

6.6.2 The Arctic

While the Arctic Ocean is better observed than the Southern Ocean in terms of
its snow and sea ice thickness, these variables are nonetheless poorly constrained
relative to specifications such as the GCOS Essential Climate Variables (Introduced
in Chapter 1; Lavergne et al., 2022). As described in Sections 6.2 & 6.5, advances ac-
companying the upcoming CRISTAL mission will not resolve the large uncertainties
in these variables. Future earth observation missions must therefore be accompa-
nied by future in-situ campaigns, with evaluation campaigns being of particular
importance.

The first two chapters of this thesis illustrated the pivotal importance of snow
loading in the retrieval of sea ice thickness from radar altimetry. These chapters point
to the importance of a rigorous evaluation of the latest generation of Arctic Ocean
snow loading products such as SnowModel-LG (Liston et al., 2020) and NESOSIM
(Petty et al., 2018b), and the sea ice thickness retrievals that they deliver. This might
be done by surface-based campaigns with snow depth probes (e.g. Nicolaus et al.,
2022), or with high-resolution radar instruments deployed in airborne campaigns
(e.g. Kurtz and Farrell, 2011).

As discussed in Sect. 6.3, the Arctic is becoming dominated by first-year ice,
which can have a very different snow depth distribution to the model presented in
Chapter 4. First-year ice may also exhibit different behaviour around the period of
melt onset (Chapter 5) due to its higher snow salinity. First year ice is also often
challenging to conduct fieldwork on as it is generally thinner and more dynamic.
Nonetheless, it should be prioritised as a setting for future field research due to its
increasing relative presence in the Arctic, and because it is not well represented by

historical field campaigns.
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Supplement to Chapter 1

S1 Construction of Figure 1.1

Surface air temperature Monthly mean 2-metre air temperature and sea ice con-
centration was downloaded from the ERAS atmospheric reanalysis (Hersbach et al.,
2020). Air temperature was spatially averaged for each month where the correspond-
ing monthly mean sea ice concentration was larger than 15%. This spatial averaging
was weighted to reflect smaller grid cells nearer the poles. The individual months
were then averaged into meteorological seasons (e.g. DJF for winter), factoring in
different month lengths. Each seasonal timeseries was then plotted as an anomaly

from the full-timeseries mean value.

Sea Ice Extent Daily sea ice extent values were downloaded from the Version 3 of
the National Snow and Ice Data Center Sea Ice Index (Fetterer et al., 2010). The

annual maxima and minima were then identified and plotted.

Sea Ice Volume The daily timeseries of sea ice volume from the Pan-Arctic Ice
Ocean Modelling and Assimilation System (PIOMAS; Zhang and Rothrock, 2003).

The annual maxima and minima were then identified and plotted.

Sea Ice Age The National Snow and Ice Data Center gridded sea ice age product
of Tschudi et al. (2020) was downloaded, and the age distribution in the first week
of the year was selected. Grid cells were then classified based on whether they
contained only first year ice, or whether they contained ice that had ‘survived’ at
least one summer (multi-year ice). The area of the latter was calculated with a sum

based on the area of the grid cells.
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Figure S1: Monthly evolution of Warren Climatology quadratic fits for snow water equiva-
lent. White colored areas indicate regions where the fits generate negative values.
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Figure S2: Monthly evolution of Warren Climatology snow density, inferred from dividing

the SWE quadratic fits by the depth fits. This is the conventional method used
by several altimetry groups.
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Supplement to Chapter 2

S2 The Comparable Impacts on SIT of Snow

Loading and Slower Radar Wave Propagation in Snow

Ice Freeboard = Radar Freeboard + Propagation Correction(Armitage and Ridout, 2015)
(S1)
hi =h+hs(c/cs—1) (S2)

5 The conversion of a given ice freeboard can be combined with a snow depth to

estimate sea ice thickness:

Pw Ps

SIT = h; +h (Tilling et al. 2018) (S3)
Pw—Pi  Pw—Pi £
Substituting Eq. (S2) into Eq. (S3)
SIT = h,—Pw 4 P [3—1} p—Ps (S4)
Pw — Pi Pw — Pi |.Cs Pw — Pi

Sea Ice Thickness = Radar Freeboard Component + Propagation Correction + Snow Loading

(85)

Comparing the relative impacts of the Propagation Correction term and Snow
Loading term is relatively simple given they share a common factor of A/ (p,, — ps)-
The ratio of the two terms is therefore ¢/c; — 1 to ps/p,. For a typical snow density
of 300 kg m3, this ratio is 0.25 to 0.29. (Using p,, = 1023.9 and Ulaby et al. (1986)

to relate ps to ¢y )
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Figure S3: Three commonly used relationships between radar wave speed and snow density
Hallikainen et al. (1982); Tiuri et al. (1984); Ulaby et al. (1986).
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Figure S4: The region over which snow depths published in Warren et al. (1999) are gener-
ally considered reliable (Laxon et al. (2013); Kwok and Cunningham (2015)),
and over which freeboards are considered in this study.
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Figure S5: Winter snow densification rates for five regions and the basin-wide average.
We defined the ‘basin-wide area’ as the shaded area in Fig. (S2). We found
the basin-wide denisification rate to be roughly representative of its constituent
regions apart from the Laptev, which exhibited a small but positive densification.
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Supplement to Chapter 3

S3 Snow’s impact on conventional sea ice thickness
retrievals can be characterised solely by its snow water
equivalent
Using the expression of ice freeboard from Armitage and Ridout (2015):

Ice Freeboard = Radar Freeboard + Propagation Correction (S6)
And using the expression of the propagation correction from Tilling et al. (2018):

hi = hy+ h(c/cs— 1) (S7)

Where h; is snow depth, c is the speed of light in free space and c; is the speed
of light in snow. Numerous empirical expressions for ¢, exist, in this work we use

the expression for the permittivity of dry snow from Matzler et al. (2006):

£ = (140.5194p,)° (S8)
Relating the radar wave speed to the permittivity using ¢; = ¢/+/€ (Ulaby and
Long, 2014):

~3/2

cs = c(140.5194p;) (S9)

The conversion of A; to SIT then invokes the floe’s hydrostatic equilibrium

and Archimedes’ principle. Like the freeboard correction for slower radar pulse



propagation in snow, this operation requires a priori knowledge of the depth and

density of the snow cover.

P Ps

w_pi pw_ i

SIT = h; (Tilling et al. 2018) (S10)

Separating /; into its &, and 84,,,, components using Eq. (S7), we can express
SIT for a given ice type as a linear combination of the radar freeboard and snow

properties.

SIT = h,—Pv 4 Pw F—l}rhs Ps (S11)
w — Pi Pw — Pi | Cs w — Pi

SIT = hy P2 Pw (F—l}+&> (S12)
Pw—Pi pw_pi Cs pw

The equation y = ¢/cy — 1 where ¢ is a function of py as in Eq (S9) is highly

linear as a function of py as follows:

£ 1=836%107* x p (S13)

Cs
This linearity is visualised in Fig. (S8) and allows the second term in Eq. (S12)

to be written to a close approximation:

SIT = hy—P" P ((8.36x104)+i> (S14)
Pu—Pi  Pw—Ppi w

Where m; represents the mass of snow per unit area. This can be reformulated by
setting p,, = 1023 kgm > as:

SIT = h—P"— P 181 %1073 (S15)

w — Pi Pw — Pi
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Figure S12: Basinwide trends in mW99 SWE fields from 2003-2021. A statistically sig-
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Figure S14: Detrended timeseries of spatially averaged snow contribution to sea ice thick-
ness (Snow) from W99 (blue) and SnowModel-LG (red) over first year ice.
SnowModel-LG is significantly more variable from year to year than W99,
which only varies due to shifting dominance of ice types. This increased
variability propagates through to sea ice thickness, but is moderated by its
covariance with radar freeboard variability. The standard deviations of the two
timeseries are displayed in the lower corners of each panel.
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Figure S15: Detrended timeseries of spatially averaged snow contribution to sea ice thick-
ness (m) from W99 (blue) and SnowModel-LG (red) over multiyear ice
(MYT). SnowModel-LG is significantly more variable from year to year than
W99, which only varies due to shifting dominance of ice types. This increased
variability propagates through to sea ice thickness, but is moderated by its
covariance with radar freeboard variability. A substantial number of data points
are missing from some panels - these absences reflect months where no MYI is
present in the relevant region. The standard deviations of the two timeseries are
displayed in the lower corners of each panel.
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Detrended SnowModel-LG Snow Contribution to FYI SIT

Figure S16: FYI correlations between radar freeboard and snow contributions to sea ice
thickness, where the snow contribution is calculated using SnowModel-LG.
All statistically significant correlations are positive (i.e. years with more snow
exhibit higher radar freeboards). A persistent, positive correlation exists in
the Central Arctic and the East Siberian Sea in the last five months of winter.
The Barents and Kara Seas both exhibit significant correlations in the last
two months of winter. The Beaufort sea exhibits no months of statistically
significant correlation between radar freeboard and snow contributions.
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Detrended SnowModel-LG Snow Contribution to MYI SIT

Figure S17: MYI correlations between radar freeboard and snow contributions to sea ice
thickness, where the snow contribution is calculated using SnowModel-LG.
Fewer correlations exist for MYI than for FYI. The Central Arctic and Chukchi
Sea exhibit no correlations between snow and radar freeboard contributions.

199



(a)

1.0
Barents Kara Laptev East Siberian myi
— 0.8 1 4 4 4 e FYl
£
c 067 — —
.0
504, o ol - o o
S T o OO g P [ S S S
8 021 e o © o o ¢ Te~ e e e ~------ e ., °
o 00
—
© 1.0
ke Chukchi Beaufort Marginals Central Arctic
% 0.8 - 1 1 .
=
D e — —
= .
%]
0.4 $ — —
° ° . o e o
0.2 {7 ~"T"TTTm-mmmmmmoes T~ ¢ *-¢-—e——---= — ° T """ Bttt
o o 4 e -o--o--5----2-- o], o °
0.0 T T T T T T T T T T T T T T T T T T T T T T T T T T T
RS EEEEEEEEEEEEEENEEEEEEERE
(b)
01 Barents 1 Kara 1 Laptev {East Siberian Myl
— o FVI
c 1® 1
.0 201 o
"(B‘ F--® g ————- fm————= Q. g---mmm-- ol
S 10 ® o L } ]
[0] 1 ° ° [~ @ ® "~~~ ; '''''
2 ] T 6" 668 ° )
k] : —
©
'g 404 Chukehi 1 Beaufort Marginals 1Central Arctic
© i 1 ]
=
) 304 i i
=
m 1 4
20 A
]e le ] °
101® e N Lo ° o ° °
f PSRN, S —— e 2 |F--——- e
T * el ° ® o] ® ° e o ® ® e
R 9T 2528333 8 3R §BI 8558583 83¢%
Figure S18: Regional IAV displayed by ice type. MYI represented by orange points, FYI

represented by purple. When averaging over the growth season in a given

region, MY is more variable in all the marginal seas.
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Figure S19: Detrended timeseries of spatially averaged sea ice thickness (SIT) by region
from W99 (blue) and SnowModel-LG (red) for all ice types. Standard deviation
values are displayed for SnowModel-LG (lower left, red), and mW99 (lower
right, blue).
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Figure S20: 2010-2021 basin-wide sea ice thickness distribution calculated using both
mW99 and SnowModel-LG data expressed as total sea ice area of all grid cells
falling into a specific SIT bin. Bin size is 5 cm. Shaded areas represent the area
constituted by the Central Arctic.
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Figure S21: Seasonal evolution of (a) snow thickness and (b) sea ice thickness by region.
All regions calculated over 2002-2021 with the exception of the Central Arctic,
which is 2010-2021. Note different y-axis scales for Central Arctic panels.
‘Error bars’ represent the one standard-deviation range either side of the mean
value for the timeseries. The SnowModel-LG contribution starts lower but ends
higher in the Central Arctic, the region that dominates Pan-Arctic statistics.
This is also true for the Marginal Seas grouping, but not necessarily true for
the individual constituent regions. This corresponds to faster thickness increase
than would be calculated with W99.
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Figure S22: Interannual variability of SnowModel-LG contribution to O?TT (ngw) when

forced by two different reanalysis data sets. MERRA?2 (orange) and ERAS
(green) produce very similar variability.
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Figure S23: Trends in sea ice thickness (2002-2021) by region, when calculated using
SnowModel-LG runs using two different sources of reanalysis (ERAS, Purple;
MERRA?2, Orange). Panels are framed with green where statistically significant
trends exist independent of reanalysis choice. Purple (orange) frames represent
month/region pairs where statistically significant trends are only present with
ERA5 (MERRA2). Slope values are given where significant in the lower
corners. All significant trends in the marginal seas are negative, all significant
trends in the Central Arctic are positive. In the Central Arctic, two of the four
statistically significant increasing trends are only evident with ERAS reanalysis.
In the Marginal Seas, the decline in some months is only statistically significant
with MERRAZ2.
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Figure S25: Interannual variability of NESOSIM data’s contribution to SIT, shown as (a)
absolute contribution to SIT variability, and (b) relative contribution. Variability
from snow is of a similar magnitude to that of SnowModel-LG, although
regional differences exist between the corresponding plots, particularly in the
Barents Sea. As well as differences in the snow accumulation scheme, the
two data sets differ in spatial resolution and the timespan over which they are

analysed.
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Figure S26: Timeseries of the thickness contributions of radar freeboards (RF) and snow
(Snow) over all ice types. Orange framed boxes indicate statistically significant
decline in both RF and Snow. The red framed box indicates statistically signifi-
cant decline in Snow only. No boxes feature a statistically significant decline in
RF without a concomitant decline in Snow. All statistically significant trends
in both Snow and RF are negative.
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Supplement to Chapter 4

S4 Best-fit statistics for log-normal and gamma

distributions

Figure 3 of the main paper shows that the skew normal distribution has a superior fit
to the observed data than the log-normal or gamma distributions. Here we provide
the parameters of best fit for all three distributions for comparative purposes. For
completeness, we restate that for the skew normal curve described in Eq. 2 of the
main paper, the parameters of best-fit were a =2.54, £ =-1.11 & o = 1.50.

The log-normal distribution is described as follows:

2
flx,s) = ! exp(—lOg (x)) (S16)

sx\/ 27 252
For x > 0 & s > 0. Analogous to the skew normal distribution described in the
main manuscript, two more locating and scaling parameters (§ & ) are applied
during the fit, such that x in the above equation can be represented by (6, — §)/ .
The corresponding best-fit parameters for the log-normal distribution are s = 0.17, &
=-5.82, @ = 5.73. The gamma distribution is described as follows:
x4l

f(x,a) = ) (S17)

forx >0, a > 0, and I'(a) being the gamma function. As with the skew normal
and log-normal distributions, locating and scaling parameters are applied such that
x = (0, —&)/m. The parameters of best-fit for the Gamma distribution are a = 26.15,

E=-506& »=0.19.
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Figure S28: Seasonal relationships between snow depth transect standard deviation and
means. Black dashed lines indicates the seasonal relationship, red dotted line
indicates the relationship used in the main chapter generated from the whole
year. All regression lines are forced through the origin. Seasonal coefficient of
variation is higher than the annual average for SON, and lower for MAM.
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Figure S29: Seasonal distribution of all 33,535 snow depth measurements expressed in stan-
dard deviations from their transect mean. Black dashed line indicates the skew
normal fit described in the main chapter. Red dotted lines indicate a bespoke
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Sample skewness () for all observational data considered in this study. Note
distribution (a), although the two variables have the same sign.
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Figure S31: Comparison of the NP model when initialised by the mean snow depth of each
transect (red curves), with a skew normal curve fitted to the observed data. The
NP model consistently overestimates the modal value of the snow depth by
comparison to the skew normal curve of best fit. This discrepancy grows over
the course of the measurements, from 2.7 centimetres at the end of October to
9.5 centimetres at the end of February. AM indicates the mismatch in the mode
of the two distributions.
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Supplement to Chapter 5

Figure S36: Positions of NP stations on the dates when they drift through a pixel of a
satellite melt onset product that indicates melt onset. Because the products
differ, the positions of the NP stations when they experience melt onset per the
satellite products also differ.
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Figure S37: Results of a sensitivity analysis performed over the Central Arctic region
(defined consistently with this thesis, as per Meier et al. (2007)). Dark blue line
shows how the number of pixels that exceed the threshold in a given season
decreases at higher thresholds. This effect means that melt onset cannot be
determined in some regions for higher threshold values. Red line indicates
the correlation coefficient for the regional mean timing of threshold-excedance
and the satellite-based CMO product of Markus et al. (2009). This correlation
coefficient is highest for a threshold value of 5 mm/per day. One caveat to this
analysis is that for lower thresholds the bias increases, i.e. melt onset timing as
determined by the SnowModel-LG snow melt threshold gets earlier at lower
values, moving away from the timing in the satellite melt onset product. This is
related to the early-bias of SnowModel-LG as documented elsewhere in Chapter
5. While the bias increases with lower thresholds, the skill in terms of the
interannual variability representation (reflected by the correlation coefficient)
also increases up to a value at 5 mm/day. Lower correlation coefficients at
thresholds less than 5 mm may be related to ‘spurious’ early triggering of the
threshold by warm events earlier in the season that are either not picked up
by satellite radiometers, or not actually reflective of the real world and only
present in SnowModel-LG.
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Figure S40: (a) Differences between the continuous melt onset product of Markus et al.
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Figure S41: Co-evolution of relative humidity (orange lines, %) and snow depth (blue lines,
cm) at the eleven NP stations that were both observed by satellite radiometers
during the period of melt onset and took daily snow depth observations consis-
tently. Vertical green lines indicate the melt onset timing per the Continuous
Melt Onset product of Markus et al. (2009), red lines indicate the timing per
the Advanced Horizontal Range Algorithm product first described by Drobot
and Anderson (2001). Horizontal black dashed line indicates the 100% value
of total water vapor saturation. Grey banding represents >5/10 total cloud
coverage.
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Figure S42: Co-evolution of precipitation type (orange markers) and snow depth (blue lines,
cm) at the eleven NP stations that were both observed by satellite radiometers
during the period of melt onset and took daily snow depth observations consis-
tently. Vertical green lines indicate the melt onset timing per the Continuous
Melt Onset product of Markus et al. (2009), red lines indicate the timing per
the Advanced Horizontal Range Algorithm product first described by Drobot
and Anderson (2001). Grey banding represents periods where the daily average
surface air temperature was greater than or equal to 0°C.
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Figure S43: (a - c¢) Pixel-scale correlations of three melt onset timing diagnostics with
radiometry-derived melt onset timings from the CMO product of Markus et al.
(2009). (d) The relative coverage of statistically significant correlations the Arc-
tic Ocean (as defined in the chapter text) for the three diagnostics. Correlations
are most widespread with the surface air temperature diagnostic.
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Figure S44: (a - c) Pixel-scale correlations of three melt onset timing diagnostics with
radiometry-derived melt onset timings from the AHRA product of Drobot
and Anderson (2001). (d) The relative coverage of statistically significant
correlations the Arctic Ocean (as defined in the chapter text) for the three
diagnostics. Correlations are most widespread with the surface air temperature
diagnostic.
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Figure S45: Differences in the amplitude of the diurnal temperature oscillations before and
after the reference day of ablation (40% threshold). The three panels represent
the results of three different high-pass filtering exercises with different kernel
widths. In all cases, the oscillations before the reference day of ablation were
significantly larger in amplitude than those afterwards.
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Figure S46: Results of the break-point analysis involving the surface air temperature time-
series. Top panel illustrates the process of minimising the mean-RMSE of two
linear regressions. The mean error is shown as a function of the position of
the breakpoint relative to the reference day of snow ablation. Lower panel
illustrates the linear regressions that result from a shifting of the break-point to
the position where the mean error of the regressions is minimised.
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Supplement to Chapter 6

Figure S48: The location (shaded dark blue) of a small test region in which the time-
evolution of radar freeboards and snow loading were compared in Chapter 6.
The region spans latitudes 85 - 88°N and longitudes 120 - 160°E.
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