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The changing Arctic shows us two key realities. First, Arctic air temperatures are increasing faster and are more extreme
than in almost all other areas of the world (e.g. Hansen et al., 2010; Cohen et al., 2014; AMAP 2017). Second, current
Earth System Models (ESMs) as well as operational forecasting and regional models are unable to reproduce recent
observed Arctic sea ice and air temperature trends (e.g. Stroeve et al., 2007, updated; Stroeve and Notz, 2015). The
enhanced Arctic warming is primarily an autumn and winter phenomenon (e.g. Serreze and Barry, 2011), thus a focus on
Arctic processes in these seasons is of particular importance.
Based on N-ICE2015 expedition results, which took place from January through June 2015 in the Arctic north of Svalbard
(Granskog et al., 2016), we have identified autumn- and winter-related Heat Transfer Mechanisms (HTMs) that have not
been adequately observed and are therefore not ideally represented in current modeling systems. We conclude that
creating more accurate Arctic and global predictive models requires, at least in part, improved representations of the most
important factors controlling heat fluxes between the Arctic Ocean and atmosphere, which in turn requires better
observations of these fluxes. We therefore propose that the following HTMs should be a focus of near-future
observational and modeling research.
Atmosphere:
The atmosphere has a large impact on heat and moisture transfer to and within the Arctic (e.g. Graversen et al., 2008;
Overland and Wang, 2010, 2016), and atmospheric processes that drive heat and moisture transport are important on a
wide range of temporal and spatial scales (Serreze and Barry, 2011). There is also evidence of strong regional variability
within the Arctic (e.g. Francis et al., 2005; Park et al., 2015), making it vital to demonstrate which processes exhibit
Arctic-wide controls and which are more regionally important. The following atmospheric processes have the greatest
impacts on Arctic heat and moisture budgets and require additional and improved observation and modeling efforts.


Clouds and cloud properties are highly variable in time and space, and with today’s observations and models it is
challenging to quantify and parameterize these properties. Macro- and micro-physical properties greatly affect the
surface energy budget and precipitation processes.



Precipitation is also highly variable in time and space, and its distribution is not well known over Arctic sea ice.
Precipitation amounts are notoriously difficult to measure in cold regions, so even a realistic Arctic climatology
does not exist. Evaluating precipitation amounts in models is therefore challenging. Yet the amount and phase of
the precipitation, as well as the timing of ice formation in autumn and winter, ultimately determines the thickness,
mass, and mobility of the snow deposited on sea ice. This precipitation-related snow accumulation imposes
critical controls on heat transfers and is often the key to accurate interpretation of remote sensing data.



Near-surface air temperature, humidity, wind, and mixing are strongly affected by the extreme stratification
common in the winter Arctic atmospheric boundary layer. Unfortunately, most of today’s ESMs do not
adequately represent atmospheric processes and fluxes in stable boundary layers. Among other problems, this
often leads to substantial overestimation of surface temperatures during clear, calm periods.



Observations of the impacts of synoptic events, especially storms, on sea ice and snow processes are also needed.
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ESMs represent the atmospheric synoptic variability quite accurately, and thus future focus on observations and
modeling of the processes and system-wide impacts is necessary to ensure these are also well represented in
ESMs.
Snow and ice thermodynamics:
Snow on sea ice strongly regulates the thermodynamic processes of sea ice growth. Due to the low thermal conductivity
of the snowpack, snow largely controls heat fluxes between the atmosphere and ocean (Sturm et al., 2002a, 2002b) and
thus directly impacts ice growth and melt. Since Arctic snow depths are largely controlled by unknown precipitation
inputs, it is hard to quantify the actual snow thickness and its spatial variability on sea ice using just models; some kind of
additional observation is required. In addition to its relevance for the energy fluxes, knowledge about snow thickness is
also crucial for sea ice thickness calculations from altimetry such as CryoSat-2 (e.g. Laxon et al., 2013), or the coming
ICESat-2 (Markus et al., 2017).


Heat fluxes between the atmosphere and sea ice are generally regulated by the presence of a snow layer. At the
floe scale, heat fluxes are strongly modified by spatial variability of the snow thickness at scales of tens of cm to
tens of m. Modeling studies indicate this spatial patchiness may play a crucial role in ice growth and heat fluxes to
the atmosphere, and that the associated processes may lead to significantly enhanced heat fluxes during the earlywinter when the snow and ice are relatively thin. In ESMs, and even in regional models, snow is represented as a
homogeneous layer and small scale variability is generally not accounted for. Observational and modelling efforts
are needed to assess the importance of this variability and to determine how its effects can be incorporated into
ESMs.



The spatial variability in snow depth covers large areas of the Arctic Basin and persists throughout the winter. The
integrated effect of locally thin snow-covered areas over long periods of time, particularly during the early snowformation phase, as well as during the onset of ice formation plays an important role in Arctic ocean-toatmosphere heat fluxes and needs to be better observed and addressed in ESMs.



A thick snow layer on relatively thin ice causes negative freeboard and can allow relatively warm ocean water to
flood the sea ice surface, causing snow-ice formation if temperatures are low enough. The thinning of Arctic sea
ice makes this process more likely in the present and future Arctic than it was in the past. These mechanisms
strongly modify conductive and latent heat fluxes in the system and thus impact the ice mass balance. Flooding
and snow ice formation are included in some ESMs, but these processes are not well studied in the Arctic and
further observations of their extent and impacts are needed. Knowledge and identification of flooded areas are
also expected to be useful for remote sensing applications.

Sea ice dynamics:
Recent observations suggest that the increasing mobility of sea ice has led to an increase in sea ice deformation (Rampal
et al, 2009; Itkin et al, 2017). More observational and remote sensing studies are necessary to confirm this finding Arcticwide. Combining observational data and numerical models is especially challenging due to the spatial and temporal
dependencies of deformation. Direct observations of ocean and atmosphere heat fluxes through resulting leads remain a
challenge because the sea ice pack is highly dynamic and the fluxes are localized.


Leads in sea ice enhance heat and moisture exchange to the atmosphere. In addition, sea ice leads drive new sea
ice growth. It is important to improve observations of heat fluxes through leads to ensure these processes are
adequately represented in ESMs.



Where sea ice is compressed into pressure ridges, the roughness of the top and bottom ice surfaces enhances the
momentum transfer between the atmosphere and ocean. Mixing of the oceanic surface layer in areas where
relatively warm ocean water lies at shallow depths, such as in the area of Atlantic Water inflow, can then lead to
stronger ocean heat fluxes, which then melt the sea ice and enhance heat transport into the atmosphere. The
impact of sea ice roughness on ocean mixing is highly variable in space and time, and it is not well observed over
all regions and spatial scales. ESMs typically use constant values for sea ice form drag.



Rough sea ice surfaces and leads are sinks for snow. Large fractions of snow can be redistributed into drifts
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adjacent to ridges or lost in the open water of leads. The redistribution of snow in drifts and loss to leads has yet
to be quantified by observations and are not represented in the ESMs.
Conclusions:
These winter HTMs and their controls on fluxes between the Arctic Ocean and the atmosphere are critical areas for
improvements in our understanding and ability to model Earth’s climate system. In addition, these mechanisms are
generally thought to be high-resolution, sub-grid processes that require parameterization within the next (or current)
generation of ESMs. They are Arctic system features that often evolve quickly in time; vary from region to region and
seasonally; have important consequences for ecosystem, light, and ocean heat fluxes; and are expected to drive important
teleconnections.
In addition, there is a need to implement observing programs that focus on processes represented by these HTMs, and to
use those observations to develop sub-grid-process parameterizations for implementation within ESMs.
Acknowledgement
This work is based on discussions during a workshop of the project “Interdisciplinary study of Arctic sea ice changes and
impacts for the society” (ID Arctic), held at the University of Toronto, Canada, 8-10 February 2018. Input from workshop
participants is highly acknowledged. The project ID Arctic is funded by the Norwegian Ministries of Climate and
Environment, and Foreign Affairs, and the project partners.

References
AMAP, 2017: Snow, Water, Ice and Permafrost in the Arctic (SWIPA) 2017. Arctic Monitoring and Assessment
Programme (AMAP), Oslo, Norway. xiv + 269 pp.
Cohen, J., and Coauthors, 2014. Recent Arctic amplification and extreme mid-latitude weather. Nat. Geosci., 7, 627–637,
doi: https://doi.org/10.1038/ngeo2234.
Francis, J. A., E. Hunter, J. R. Key, and X. Wang, 2005. Clues to variability in Arctic minimum sea ice extent, Geophys.
Res. Lett., 32, L21501, doi:10.1029/2005GL024376.
Granskog, M., P. Assmy, S. Gerland, G. Spreen, H. Steen, and L. H. Smedsrud, 2016. Arctic research on thin ice—
Consequences of Arctic sea ice loss, Eos Trans. AGU, 97(5), 22–26, doi:10.1029/2016EO044097.
Graversen, R. G., T. Mauritsen, M. Tjernström, E. Källen, G. Svensson, 2008. Vertical structure of recent Arctic warming,
Nature, 451, 53–56, doi:10.1038/nature06502.
Hansen, J., R. Ruedy, M. Sato, and K. Lo, 2010. Global surface temperature change. Rev. Geophysics, 48,
doi:10.1029/2010RG000345.
Itkin, P., Spreen, G., Cheng, B., Doble, M., Girard-Ardhuin, F., Haapala, J., Wilkinson, J., 2017. Journal of Geophysical
Research: Oceans, 122, 4661–4674. https://doi.org/10.1002/2016JC012403.
Laxon S.W., K. A. Giles, A. L. Ridout, D. J. Wingham, R. Willatt, R. Cullen, R. Kwok, A. Schweiger, J. Zhang, C. Haas,
S. Hendricks, R. Krishfield, N. Kurtz, S. Farrell and M. Davidson, 2013. CryoSat-2 estimates of Arctic sea ice
thickness and volume, Geophys Res Lett., 40, doi:10.1002/grl.50193.
Markus, T. and Coauthors, 2017. The Ice, Cloud, and land Elevation Satellite-2 (ICESat-2): Science requirements,
concept, and implementation. Remote Sensing of Environment, 190, 1 March 2017, Pages 260-273.
https://doi.org/10.1016/j.rse.2016.12.029.
Overland J.E. and Wang, M., 2010. Large-scale atmospheric circulation changes associated with the recent loss of Arctic
sea ice, Tellus, 62A, 1–9.
Overland, J. E., and M. Wang, 2016. Recent Extreme Arctic Temperatures are due to a Split Polar Vortex, J. Clim.,
29(15), 5609–5616, doi:10.1175/JCLI-D-16-0320.1.
Park, H.-S., S. Lee, S.-W. Son, S. B. Feldstein, and Y. Kosaka, 2015. The impact of poleward moisture and sensible heat
flux on Arctic winter sea ice variability, J. Clim., 28, 5030–5040, doi:10.1175/JCLI-D-15-0074.1.
Rampal, P., Weiss, J., & Marsan, D., 2009. Positive trend in the mean speed and deformation rate of Arctic sea ice, 1979–
2007. Journal of Geophysical Research: Oceans, 114, C05013. https://doi.org/10.1029/2008JC005066
Serreze, M. C. and R.G. Barry, 2011. Processes and impacts of arctic amplification: A research synthesis, Global Planet.
Change, 77, 85–96.
Stroeve, J., and D. Notz, 2015. Insights on past and future sea-ice evolution from combining observations and models,
Global and Planetary Change, 135, 119-132.

3

Stroeve, J., M. M. Holland, W. Meier, T. Scambos, and M. Serreze, 2007, updated. Arctic sea ice decline: Faster than
forecast, Geophys. Res. Lett., 34, L09501, doi:10.1029/2007GL029703.
Sturm, M., J. Holmgren, and D. K. Perovich, 2002a. Winter snow cover on the sea ice of the Arctic Ocean at the Surface
Heat Budget of the Arctic Ocean (SHEBA): Temporal evolution and spatial variability, J. Geophys. Res.,
107(C10), 8047, doi:10.1029/2000JC000400.
Sturm, M., D. K. Perovich, and J. Holmgren, 2002b. Thermal conductivity and heat transfer through the snow on the ice
of the Beaufort Sea, J. Geophys. Res., 107(C10), 8043), doi:10.1029/2000JC000409.

4

