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1 Abstract

This study compares snow and ice thickness from two independent sources in the period from 2003 to 2015.
The snow and ice data are obtained from an ocean and sea ice model and from satellite measurements of
the sea ice temperature profile and its freeboard

Both the model and the observations consistently show that the Arctic sea ice is thinning in most regions and
throughout the season during the 13 years. However, the model and the observations disagree in the rate of
thinning, and the mismatch is dependent on the geographical regime and on the time of year. Moreover, the
ice thickness distribution in the observation data is much wider than the modelled ice thickness distribution.

Model results and observations also disagree in snow thickness trends during the 13 years depending on
region and season. However, model and observations largely agree in mean snow depth distribution.

2 Resumé

Dette studie har sammenlignet is- og snetykkelser i perioden fra 2003 til 2015 fra 2 uafhaengige kilder,
nemlig fra modelberegninger og fra satellitobservationer af isens temperatur profil og dens fribord.

Modelberegninger og observationer viser stort set samstemmende, at starstedelen af den Arktiske havis
bliver tyndere ar for ar og over hele aret. De to uafhaengige metoder er uenige om den hastighed hvormed
udtyndingen af den arktiske havis sker, afheengig af hvilkke omrader af Arktis der er | fokus. Desuden er den
modellerede istykkelsesfordeling meget smallere end den observerede.

De 2 metoder viser ofte temmelig forskellige trends i snetykkelses fordelingen, afhaengig af tid og sted.

Modelberegninger og observationer er meget enige om det samlede snefald i Arktis og den statistiske
snetykkelses distribution.

www.dmi.dk Page 4 of 25
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3 Introduction

The Danish National Centre for Climate Research (Nationalt Center for Klimaforskning, NCKF) has been a
source of funding for the Danish Meteorological Institute and collaborators for climate change related
research during 2020. 18 work packages (WPs) under the NCKF-2020 are divided under 4 general themes:

1. Arctic and Antarctic Research

2. Climate change in the near future
3. Use of climate data

4. Support for the IPCC

This WP 1.2.4 “Ilce Thickness” is concerned with the use of climate data in Arctic research and climate
change in recent years (theme 3).

The Arctic sea ice and snow thickness has a strong influence on the climate on the Northern Hemisphere
(NH) and hence, the on-going changes in the Arctic sea ice influence the future weather and climate on the
NH in general.

In this WP we produce and analyse two independent data sets of snow and sea ice thickness in the Arctic,
covering the period 2003 to 2015. By comparing data from a physical model setup with independent
observation we wish to identify strength and weaknesses of both data sets in order to improve the model to
predict the future Arctic climate and to strengthen the reliability of such climate predictions.

The modelled snow and ice thickness data are produced by a coupled ocean and ice model (henceforth
“model” data) and the other snow and ice data are based on satellite observations (henceforth “observation”
data).

3.1 Introduction to Model data

Modelled sea ice data from a coupled NEMO 4 (Madec et al) — CICE6 (Hunke et al., 2021) model run have
been analyzed in order to identify trends in the arctic sea ice and snow thickness. The time period covers the
13 years from 2003 to 2015. The aim is to inter-compare the modeled trends with observed ones, that have
been derived from remotely sensed data and to analyze the capabilities of both, models and satellites in
order to detect comparable trends. For this, the results of the NEMO4-CICEG6 free run, without data
assimilation were converted to a grid that is matching with satellite data. Only sea ice thickness in grid cells
with concentration larger than 95% was applied analyzed, in order to comply with the detection limits of the
satellite algorithm..

The statistical significance has been analyzed as a function of the spatial and temporal coverage of the data
set. The results are identical for sea ice thickness and snow thickness, which is likely to be a consequence of
the relatively high minimum-concentration-value that has been chosen. All the ice covered points are snow
covered as well. Here, we present only one curve, which represents both data sets. For nearly all month,
95% of the area is covered by a data set that covers at least 2 years. Only 5% of the area is covered by only
1 year. The only month that requires a 3 years data set to cover 5% of the total ice covered area is
November. On the other hand, most of the ice covered area: 79.4% is experiencing ice coverage at all years
between 2003 and 2015. We have chosen to use a minimum length of the data set of 6 years for the
analysis. This corresponds to little less than 90% of the total ice covered area. Statistics of the data sets are
shown in Figure 1.

www.dmi.dk Page 5 of 25
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Figure 1 Spatial coverage of the data set. Number of years between 2003 and 2015 with modeled ice
concentration of at least 95% in March.

3.2 Introduction to the remote sensing data

The Arctic sea ice thickness and the snow depth is important for assessment of the Arctic climate change
and satellite altimeters have been used for estimating sea ice thickness for nearly two decades (Laxon et al.,
2003; Kwok et al., 2009; Laxon et al., 2013). The altimeters measure the sea ice freeboard, which is
converted to sea ice thickness with assumptions, about the snow depth, snow/ice densities, and radar
penetration (Ricker et al., 2014). We hereafter refer to this procedure as the ‘freeboard-thickness
conversion'’.

Generally, there are two types of satellite altimeters measuring different sea ice freeboards: (1) lidar
altimeters such as NASA’s ICESat (Zwally et al., 2002) mission which is measuring the total freeboard (F),
the height from the sea surface in leads, to the snow surface; (2) radar altimeters such as ESA’s CryoSat-2
(CS2) (Wingham et al., 2006) that measures the radar freeboard (F,), the difference in the radar ranging
between the sea surface and the radar scattering horizon. By applying two correction terms regarding the
wave propagation speed change in the snow layer (F;) and the displacement of the scattering horizon from
the ice surface (F,), the radar freeboard is converted to the ice freeboard (F;): the height from the sea surface
to the snow—ice interface (F)).

For both lidar and radar altimeters, snow depth (hs) is required as an input to constrain the
freeboard-thickness conversion; thus, the conversion results are dependent on the snow depth (Ricker et al.,
2014; Kern et al. 2015). According to Zygmuntowska et al. (2014), up to 70% of uncertainty in the
freeboard-thickness conversion stems from the poorly constrained snow depth. However, mapping the pan-
Arctic snow depth distribution is challenging.

The most commonly used snow depth information for the freeboard—thickness conversion is the modified
version of the snow depth climatology by Warren et al. (1999) (hereafter W99). W99 is based on in-situ
measurements at Soviet drifting stations (1954—1991) mostly on multi-year ice (MY1). Kurtz and Farrell
(2011) compared W99 with Operation IceBridge (OIB) snow depth measurements in 2009 and reported that
W99 is still valid in the MY region, but significantly differed from OIB snow depth on first-year ice (FYI).
Based on that study, Modified W99 (hereafter MW99) was developed, which halves W99 snow depth in
regions covered by FYI.

However, the use of MW909 for the freeboard to thickness conversion understandably yields a substantial
error, considering that W99 is a climatology which cannot be treated as the actual snow depth. Especially,
Kim et al. (2020) revealed that the use of MW99 results in the systematic bias between the ice thickness
from ICESat and CryoSat-2 of approximately 50 cm, making the construction of consistent ice thickness
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records from those two altimeters difficult. Therefore, it should be beneficial if MW99 is replaced with real
snow depth to obtain the combined ice thickness record.

Recently, Shi et al. (2020) estimated snow depth and ice thickness simultaneously by constraining the
freeboard to thickness conversion with the ratio of snow depth to ice thickness (referred to as «) rather than
snow depth. « was empirically determined from satellite-derived air-snow interface temperature (7as) and
snow—ice interface temperature (Ts;). An evaluation using NASA’s Operation IceBridge measurements of
snow and ice thickness showed improvement on mean bias of ice thickness estimation.

Extending Shi et al. (2020) results, this study aims to construct the snow depth and ice thickness record from

ICESat and CS2 freeboard measurements. Datasets, methodology, and preliminary results of trend analysis
of ice and snow thickness are included below.

www.dmi.dk Page 7 of 25
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4 Methodology

The applied methodologies used to estimate Arctic snow and sea ice thickness are independent and
conceptually different. The model set-up generates data based on physical models forced by atmospheric
model data and the remote sensing technique is constrained by basic thermodynamically processes and an
equilibrium temperature profile from satellite derived snow skin and ice/snow and standard water/ice
interface temperatures.

In the following the two methods are described separately as the “remote sensing” and the “model”
methodology.

4.1 Remote Sensing methodology

The remote sensing methodology applied for this analysis is a novel method that derives snow and ice
thickness simultaneously. For that reason the method is described in some detail here. A thorough
description of the methodology is also given by Shi et al. (2020). Here we have applied the method for the
month of February, March and November 2003-2015.

4.1.1 Calculation of « from satellite derived temperatures
The a-parameter is defined as the ratio of snow depth (hs) and sea ice thickness (H;), Eq 1.

a = hs/H; (1)
Here the « is estimated from the T,s and T, by using the a-prediction equation in Shi et al. (2020). The a-
prediction equation is an empirical relationship between « and the ratio of temperature difference of the snow

layer to the difference of the ice layer. For monthly temperature data, the a-prediction equation is:

0.185°010% 4 0,022 St < 1769

Lce ATlCe
a= ATS‘I’LOW ATsnow (2)
0.076=12 1 0214 =212 > 1769

Here, AT denotes the temperature difference between the top and bottom of each of the snow and ice layers
(i.e. ATsnow = Tas - Tsi, ATice = Tsi - Tiw). Tiwis the ice-water interface temperature which is constant at -1.5 °C.
a values are calculated only at those pixels where the mean monthly sea ice concentration (SIC) is greater
than 95% and rejected if T, is warmer than Ts;.

4.1.2 Simultaneous retrieval of ice thickness and snow depth using «a

Here, we describe how « constrains the freeboard - thickness conversion and, as a result, yields both ice
thickness and snow depth. Based on the assumed hydrostatic balance, ice thickness can be obtained from
total freeboard or radar freeboard as follows (Shi et al., 2020):

H. = Pw F, _PW_Psh 3

i = é’w_pi)s (3)
fMs—1)pw+ps

H =-"2F h 4

L opwep; vt Pw—p; s (4)

Here, pw, pi, and ps denote the bulk densities of water, ice, and snow layer, respectively. f denotes the radar
penetration factor (Armitage and Ridout, 2015), which is the depth of the radar scattering horizon relative to
the snow depth (e.g. f = 1 if the radar scattering horizon is at the snow—ice interface and f = 0 if the radar
scattering horizon is at air-snow interface). Substituting hs in Egs. (3) and (4) with « H; yields the following
equations.

_ Pw
LT pw—pitalpw—ps) Fe ®)
Pw (6)

= E
L pwepi—al(Fns—Dpwtps} T
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From Egs. (1), (5) and (6), it is evident that the snow depth and ice thickness can be simultaneously
estimated from the freeboards and «, once p, fand 7s are known.

The densities are prescribed with those used for the OIB data processing: os, g, and pw are 0.320 g cm®,
0.915 g cm?, and 1.024 g cm™, respectively (Kurtz et al., 2013). Radar penetration factor fis set to be 0.84
for CS2 (Armitage and Ridout, 2015) and 7s is parameterized as a function of the snow density, i.e., 7s
=(1+0.51ps)"° (Ulaby et al., 1986). In solving Eq. (6), cases showing negative ice thickness (a 2 0.291 for the
given densities and radar penetration factor) are rejected.

4.2 Model methodology

The modelled snow thickness, sea ice thickness freeboard and surface temperature are calculated by a
coupled model framework including NEMO v4 (Gurvan et al., 2019) and CICE v6 (CICE, 2021). The model runs on
a 10x10km Arctic grid with 75 ocean levels and 7 ice levels in 5 categories as well as one snow layer. The
coupling frequency is 600 seconds. The simulation started in 1987 and here we use data from 2003-2015.
The initial conditions for the ocean are from the ORASS5 ocean reanalysis (Zuo et al 2019). The sea ice initial
conditions are calculated from sea surface temperatures below freezing point in the initial ocean conditions
and are set to 2m accordingly. CICEs options for melt ponds, land fast ice, mushy-layer thermodynamics are
turned on. The sea ice rheology is calculated following the elastic-viscous-plastic (EVP) model (Hunke and
Dukovicz, 1997)

The atmospheric surface forcing consists of DFS5.2 (Dussin et al., 2016) forcing and the lateral boundaries
are forced with monthly GLORYS12 data (GLORYS, 2021).

Model parameters used in this study are:

- Snow in meter: Snow is accumulated on ice throughout the winter season depending on the
precipitation and atmospheric temperature. If the snow layer starts below sea surface some of the
snowpack is flooded and converted into ice. No processes relocating the snow on the ice are
considered.

- Sea lce Thickness in meter: The variable used in this study is the grid cell mean ice thickness. Each
grid cell is divided into 5 thickness categories (plus open water). Each of the 5 categories is divided
into seven vertical layers. Each category covers a certain percentage of the cell and has an upper
and lower thickness bound. The weighted mean is the used sea ice thickness here.

- Surface Temperature in Kelvin: Temperature at ice/snow-atmosphere interface. It never raises over
0°C.

- Freeboard: CICE calculates snow freeboard as the sum of snow and ice thickness minus the ice
draft, per ice area.

All parameters were interpolated onto the satellite products grid using CDO.

www.dmi.dk Page 9 of 25


https://zenodo.org/record/3878122#.X-IKfFmYU5k
https://cice-consortium-icepack.readthedocs.io/en/master/index.html
https://www.ecmwf.int/en/research/climate-reanalysis/ocean-reanalysis
https://resources.marine.copernicus.eu/documents/PUM/CMEMS-GLO-PUM-001-030.pdf

®e
@ ® Danmarks

_ ® Meteorologiske
Institut

5 Data

The input data sets to the model and satellite observation set-ups are independent. The satellite observation
data are derived from satellite measurements of the snow and ice temperature profile and freeboard and the
model data are derived from physical models forced by data from atmospheric models. These data sets are
subsequently denoted “satellite” and “model”, respectively.

Data are here referred to as RS input data and Model input data.

5.1 Satellite input data

Several data sets are used for the remote sensing methodology. Beside satellite input data sets,
observations from Ice Mass balance Buoys (IMB) are used to derive the —coefficients in equation 2. The
applied IMB are compiled in an in situ data base hosted by DMI through the EUMETSAT OSISAF project.
Most of the IMB data are provided by CRRELL buoys (CRREL, 2021).

5.1.1 Satellite-derived temperatures

To obtain a over the Arctic Ocean, satellite-derived T,s and T data are required. Tss is obtained from Arctic
and Antarctic ice Surface Temperatures from thermal Infrared satellites sensors — version 2 (AASTI-v2) data
(Dybkjeer et al., 2020). AASTI T,s is derived from CM SAF cLoud, Albedo and surface Radiation dataset from
AVHRR data - Edition 2 (CLARA-A2) dataset (Karlsson et al., 2017), based on the algorithm described in
Dybkjeer et al. (2018). Information on the validation of this product is found in Dybkjeer and Eastwood (2016).
Monthly AASTI-v2 data in a 0.25° grid format are re-gridded in a 25 km Polar Stereographic SSM/I Grid.

Tsi is obtained from 6.9 GHz brightness temperature (TB) measurements based on the algorithm of Lee and
Sohn (2015). To do so, level 3 monthly ascending/descending TBs of Advanced Microwave Scanning
Radiometer for EOS (AMSR-E) and AMSR-2 are used. The averages of ascending and descending data are
used for estimating Ts. In case of AMSR-2 TB, it is adjusted to AMSR-E TB according to inter-calibration
result of JAXA (2015). The data are in the 25 km grid format (daily mean).

5.1.2 Satellite freeboard data

For examining the ice thickness and snow depth over the Arctic Ocean, satellite sea ice freeboard data are
required. To do so, ICESat total freeboard data during 2003-2008 period and CS2 radar freeboard data
during 2010-2015 period are used.

ICESat total freeboard data are obtained from the National Snow and Ice Data Center (NSIDC). The ICESat
observation cycle was approximately three months each year, mainly the periods from February—March
(FM), May— June (MJ), and October—November (ON), and the temporal coverage varied each year. Detailed
descriptions on the ICESat data can be found in Yi and Zwally (2009). In this study, track data for each
month (November, February, March, and April) are collocated on the 25 km grid to produce monthly total
freeboard.

To obtain CS2 radar freeboard data, CS2 freeboard measurement summary data distributed by NSIDC are
used (Kurtz and Harbeck, 2017). They are monthly mean composites of CS2 ice freeboard data in the 25 km
grid format, covering the entire Arctic, and available from September 2010. Detailed descriptions of the re-
tracker algorithm used in this dataset are found in the study by Kurtz et al. (2014). The dataset also includes
MW99 (hs"W9%) and W99 snow density climatology used for producing the ice freeboard.

The NSIDC CS2 ice freeboard data (Fi©52) assumed that the radar scattering horizon is at the snow—ice

interface and applied a wave propagation speed correction which is not wanted in our processing. However,
the correction was made using hs""%° and W99 snow density climatology with an erroneous form of h = (1 -

ns) hs, instead of the proper form of h. = (7s - 1) hs (Mallett et al., 2020), where 7 is the refractive index of
the snow layer. Thus, it is straightforward to derive the CS2 radar freeboard by removing the correction term
as in the following equation (Eq. 7).

www.dmi.dk Page 10 of 25
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F;”CSZ — FiCSZ _ (1 _ ns—l)hé\'IW‘)‘) (7)

Here, 75 is parameterized as a function of the snow density, i.e. 7= (1+ 1.7 ps + 0.7 ps?)*® (Tiuri et al., 1984),
and ps is taken from the W99 climatology, after Kurtz and Harbeck (2017).

5.1.3 Sea ice concentration

Calculation of « is done for those pixels where the monthly SIC is greater than 95%. To determine pixels that
meet this SIC criterion, ‘NOAA/NSIDC Climate Data Record of Passive Microwave Sea Ice Concentration -
Version 3’ produced by Meier et al. (2017) is used. This monthly SIC dataset is provided in the 25 km grid
format.

5.2 Model input data

The model is forced every 3rdh by 2m Atmospheric temperature, 10m u-, v-wind speed, humidity, and every
24 h by total precipitation, snow, and downward short and long wave radiation. The data used is the
DFS5.2 forcing which is a modified ERA-Interim forcing set. The main correction over the Arctic is a
temperature and humidity correction towards the POLES climatology (Rigor et al., 2000) as described by
Dussin et al. (2016).

The lateral boundaries are forced with monthly baroclinic and barotropic velocity fields as well as salinity,
temperature and sea surface height fields from the GLORY S12 ocean reanalysis. The boundaries are
chosen so that no sea ice boundary conditions are needed.

Fresh water input from rivers is distributed over the upper 15 meter according to a river mouth mask

distributing fresh water on a monthly basis from river climatology. Tidal forcing comes from the TPXO tidal
model. Salinity and Temperature initial fields are climatology calculated from the ORAS5 Ocean reanalysis.
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6 Results

The snow and ice thickness estimates from model and observations are presented and compared in different
ways. Absolute values of snow and ice thickness are presented in time series for inter-comparison of the two
methods and to compare with results from the literature. Trends of each parameter are also inter-compared
and put in context of results from the literature. Finally, the geographical and statistical distributions of snow
and ice thicknesses are compared to evaluate the qualitative agreement between the two methods, i.e. to
evaluate if the geographical patterns look alike and if the statistical mean and standard deviation are
comparable.

The results are further stratified into sea ice domains in order to analyse differences between e.g. First Year
Ice and Multi Year Ice (FYI and MY1). The arctic is divided into predominantly FY| (eastern Arctic) and
predominantly MY (western Arctic) as guided by OSISAF ice types data (OSISAF, 2020). Figure 2 show the
two areas marked in blue. Also a division into the area north of latitude 80 N is included. This area
represents an area of permanent dense ice coverage with mixed multi-year and seasonal ice coverage.
Finally, results from the entire Arctic region are included.

~ Western mask Eastern mask

Figure 2 Area masks for western (left panel) and eastern (right panel) Arctic used for stratified
analysis into areas dominated by MYl and FYO, respectively.

6.1 Freeboard

Freeboard estimates from the model are crucial for the models conception of the state of snow and sea ice.
Likewise, the freeboard estimated from satellite is crucial for the observational method to estimate sensible
snow and ice thickness. An agreement between model and satellite freeboard magnitude is a condition for
the two methods to produce comparable snow and ice thickness estimates.

The ice freeboards from both ICESat and CryoSat for the eastern and western Arctic are compared to
modelled freeboards in Figure 3.

In both figures the model freeboard shows growth throughout the winter while the Satellite data show less
variability, and not necessarily constant growth throughout the winter. The observed freeboards are generally
larger than the model estimates. The model loses almost all ice throughout the summer which can explain
the higher freeboard growth throughout the winter compared to the satellite data. There is a higher
agreement in eastern Arctic freeboard comparison especially for the ICESat period. Since the model almost
melts all MY, this might be explained with the western side being predominantly MY ice while the eastern
Arctic is dominated by FYI. Future model simulations should look into adjusting albedo values to get more
realistic MY| areas in the model.
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Figure 3 Ice freeboard from model and IceSat (left column) and CryoSat (right column) in the western

Arctic (top row) and eastern Arctic (bottom row). Model freeboards are indicated with blue dots and
satellite freeboard with red dots

6.2 Snow and ice thickness time series

All observed and modelled snow depth and ice thickness data for the mixed ice domain north of latitude 80 N

are plotted in Figure 4 as time series. Both snow depth estimates are within approximately the same range,
but occasionally negatively correlated inter-annually. The model simply accumulates the snow that falls

during the winter season, whereas the observed snow depth does not necessarily increase in the period of a

winter. Both estimates are realistic scenarios.

The modelled ice thickness is in general lower than the satellite retrieved ice thickness. The modelled ice
thickness increases steadily during the winter month. The November starting point of the modelled ice

thickness is between 0.5 and 1.0 meter. That is an unrealistically low for that part of the Arctic Ocean in the
period of interest, and it is by others estimated to be more than 2 meters (Kwok and Rothrock, 2009b).

Another interesting difference between modelled and observed ice thickness is the changes over time or lack

of change. The modelled thickness trend is nearly zero, where the trend of observed ice thickness is clearly

negative — at least until 2013. The observed negative trend is very much in line with other observations in the

central Arctic (Kwok, 2018; Lindsay and Schweiger, 2015). This is also elaborated below.
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Figure 4 Snow depths (top) and ice thickness (bottom) in the mixed MYI/FYI ice domains north of
latitude 80 N.
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6.3 Trends of Ice and Snow thickness
Linear trend for modelled and observed sea ice thickness and snow depth has been calculated for three

month of the year, namely February, March and November. These months are the three most consistently
covered months in the data set.

The data set is stratifying into characteristic ice domains, namely: 1) the area north of latitude 80 N (+80N), 2
and 3) the Western (West) and Eastern Arctic (East) (Figure 2) and finally 4) the entire Arctic domain (EA).
These areas represent a permanent closed ice region with mixed MY| and FYI, predominantly MYl and FYI
and finally the full Arctic ice domain, respectively. All data points that are not covered by observations are
excluded, to make the modelled and observed time series comparable. All trend results are summarized in
Table 1. Results winter month, February and March, are presented as full data set time series with trend
lines for EA, West and East domains in Figure 5, Figure 6 and Figure 7.

Table 1 Trends in modelled (Mod) and observed (Obs) sea ice thickness and (SIT) and snow depth

(SD) for the entire arctic (EA), the area north of latitude 80 N (+80N), the eastern arctic with

predominantly FYI (East) and the western Arctic with predominantly MYl (West), for the period 2003 -

2015.
Period Month | SIT Obs [cm/y] | SIT Mod [cm/y] | SD Obs [mm/y] | SD Mod [mm/y]
2003-2015
+80N -8.01 -1.23 -4.2 0.327
EA -7.14 -1.15 -4.6 0.133
=
(4]
>
e}
East $ -9.56 -0.88 -4.7 -0.364
West -4.53 -1.53 -4.4 0.832
N80 -8.97 -1.32 -4.1 1.7
EA -8.34 -1.34 -3.7 1.2
=5
IS
©
East = -11.91 -1.32 -5.1 0.689
West -4.42 -1.38 -2.1 1.9
N80 < -1.11 0.11 6.0 0.961
8
IS
g
EA & -2.77 -0.12 1.2 0.333
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Period Month | SIT Obs [cm/y] | SIT Mod [cm/y] | SD Obs [mm/y] | SD Mod [mm/y]
2003-2015
East -3.07 -0.40 4.5 -0.013
West -0.57 0.21 3.4 0.741

The general pattern for modelled and observed sea ice thickness changes from 2003 to 2015 is a general
thinning of the Arctic sea ice in the analysed regions. The thinning is stronger during winter than in
November. This pattern is in agreement with other studies of which some document thinning of the Arctic
sea ice since the 1980’ies (Kwok and Rothrock, 2009b; Kwok, 2018; Lindsay et al., 2009; Lindsay and
Schweiger, 2015). Lindsay and Schweiger (2015) estimated the thinning trend for Arctic basin ice thickness
to be -0.58 m/decade from 2000-2012. The corresponding trend from observation data in this study is 0.71
m/decade, provided that the mean of March and November trends is representative for annual ice thickness
trend.

The observed trends are consistently most negative in February, March and November in the Eastern Arctic
which is dominated by FYI and least negative in the Western Arctic where MY is dominating. That can be
explained by increasing areas and periods of open water in the Eastern arctic (Goldstein et al., 2018),
resulting in strong positive water temperature anomalies in recent decades. The general thinning is also
reflected in the general younger ice age in the Arctic Ocean, with a particular high rate of rejuvenation in the
East Siberian Sea (Maslanik et al., 2011).

In contrast to the observed ice thickness trends, the modelled trends are very low negative, generally around
-1 cm/y. That does not comply with the observation data in this study and in the numbers from the literature
(Kwok and Rothrock, 2009b; Kwok, 2018; Lindsay et al., 2009; Lindsay and Schweiger, 2015).
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Figure 5 Modelled and observed time series and trends of snow depth (red’ish plots) and sea ice
thickness (blue’ish plots) for the entire Arctic, for February (top panel) and March bottom panel.
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Figure 6 Modelled and observed time series and trends of snow depth (red’ish plots) and sea ice
thickness (blue’ish plots) for Eastern Arctic, for February (top panel) and March bottom panel.
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Average snow thickness in the western Arctic, February
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Figure 7 Modelled and observed time series and trends of snow depth (red’ish plots) and sea ice
thickness (blue’ish plots) for Western Arctic, for February (top panel) and March bottom panel.

In figures 5, 6 and 7 the ice thickness time series of modelled and observed data show that the observed
negative trends are much larger that the modelled in the 3 ice domains East, West and EA. Here the largest
slope is consistently between the 2 major sea ice minima in 2017 and 2012, where large parts of the MYI
was exported or melted. This is not reflected in the modelled ice thicknesses data set.

The snow depth estimated from model and observations do qualitative not agree. Observations estimate a
negative trend in the winter month and a positive trend in November, whereas model data estimate very
small trends with shifting signs.

The observed snow depth trends from February and March (mean) from this study is -4.1 mm/y, where
another study calculated an Arctic snow depth trend of -2.9 mm/y, between 1950 and 2013, from ground and
IceBridge observations (Webster et al., 2014). The corresponding trend from model data is -0.7 mm/y.

Despite a likely better agreement of the observation trends from this study with ground observation from the
literature, it seems that the statistical snow depth performance of the model data is better that observations
(see scatter plots).

6.4 Scatter plots

Two sets of scatter plots show modelled data and satellite data for March.

Figure 8 snow depth for the entire Arctic and for the Western and Easter sectors. A normalized histogram for
both model and observation data indicate the mean and variance of each data set.
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Model and observed snow depth have similar variance but different means. The predominantly FY| sector
(East) show a model mean snow depth of approximately 18 cm and the corresponding observational mean is
around 10 cm. Corresponding values for the MY| sector (West) 20 cm and 18 cm. Blanchard-Wrigglesworth
(et al., 2018) showed from observations that mean April snow depth values for the period 2009-2015 for MYI
and FYI are 25 cm and 30 cm, respectively. This indicates that the snow depth estimates from satellite
observations are underestimated.

The scatter plots in Figure 9 show broad and realistic range of ice thickness in the observational data set and
narrow ice thickness distribution in the modelled data set. The difference in modelled ice thickness mean
between FYI and MYI is unrealistically low for both ice domains (Haas, 2017), emphasizing that the model
representation of in particular MY1 shall be revisited.

March Snow Thickness [m)] March Snow Thickness [m] East Arctic March Snow Thickness [m] West Arctic

1.0

—— linear reg —— linear reg
— perfect reg

—— linear reg
— perfect reg

— perfect reg

: .6 0. 0.6 0.4 0.6
Satellite satellite satellite

Figure 8 Snow Depth scatter plot comparing all data points from model (y-axis) with satellite data (x-
axis) for the month of March. Colour bar shows Latitude and marginal density curves show
distribution of the datasets. Black curve shows the 1:1 line and the red curve the actual linear
regression for the data set. The normalized data histogram is plotted on each axis. Left panel show
all Arctic, middle panel Eastern Arctic and right panel Western Arctic.
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Figure 9 Sea Ice Thickness scatter plot comparing all data points at the same location from model (y-
axis) and satellite data (x-axis) for the month of March. Colour bar shows Latitude and marginal
density curves show distribution of the datasets. Black curve shows the perfect regression line and
the red curve the actual linear regression for the data set. The normalized data histogram is plotted
on each axis. Left panel show all Arctic, middle panel Eastern Arctic and right panel Western Arctic.
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6.5 Trend maps

8D trend [miyear: Fegryary
LE

Ice thickness trend: February 2003-2015

e
150t

Figure 10 Snow and Ice thickness trends for February for the period 2003-2015. Satellite observations
in the top panel, with snow thickness in the left maps and ice thickness in the right map. Likewise for
model calculated snow and ice thickness trends in the bottom panel. The colour range from deep
blue to deep red for -0.01 m/year to 0.01 m/year for snow thickness trends and from -0.05 m/year to
0.05 m/year for ice thickness trends, respectively.

Trend maps of snow depth and ice thickness in Figure 10 do not reveal much agreement between
observation and model data. The maps represent February 2003-2015 as an example, as other show similar
level of agreement. However, snow trends do agree qualitatively to some extent, with positive trends north of
Svalbard, in the Laptev Sea and in the East Siberian Sea.

6.6 Ice and snow mean
The mean modelled and observed snow depth and ice thickness for the period 2003-2015 are very different.

As discussed above, the model melts nearly all Arctic sea ice over the summer, thus starting the ice
formation from thin ice or open water at freeze-up in September/October. This means that the model has
much thinner ice than the observations in those regions dominated by MY north of Greenland and Canada
and around the North Pole (Figure 11).
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Figure 11 Mean sea ice thickness in March (left column) and November (right column) for the period
2003 to 2015. Observed thicknesses in row and modelled thicknesses in bottom row.

The mean snow thickness data do, like the observed and modelled sea ice thickness data, differ in both
absolute values and in patterns in the month of March and November (Figure 12). The deep snow in the
model in the Fram Straight in March is also reproduced in the observations but in the observations the deep
snow extends across the North Pole and into the Lincoln Sea this is not seen in the model. In November the
observed snow depth is up to 0.35 m in regions covered by MY while the snow depth in the model is no
more than 0.15 m. These differences between the model and the observations of snow depth are to some
extent related to the “ice free” summers in the model. In some regions (North Pole region) the observed
snow depth is decreasing from November to March while the modelled snow depth is increasing in all

regions from November to March.
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5D monthly mean: ihioyember
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Figure 12 Mean snow depth in March (left column) and November (right column) for the period 2003
to 2015. Observed thicknesses in top row and modelled thicknesses in bottom row.

Mechanisms to decrease snow depth during the winter season is for example sublimation especially during
wind redistribution events.

7 Conclusion

The modelled ice thickness trend is close to zero in the evaluated months of year (Nov., Feb., Mar.) and in
the all selected sea ice domains (N80, EA, East, West), where the observed ice thickness trends are
moderately to highly negative. The observed negative trends are in line with other observations reported in
the literature. Melting of nearly all MY in the model during summer is not observed and is the cause for
many of the differences between the observed and modelled snow and ice thickness. Varying albedo or
erroneous radiation budget in the model are candidates for this model flaw.

The ice thickness trends estimated from satellite reproduce trend estimates from the literature and the
observed ice thickness time series reflect clearly the two extreme ice extent minima in 2007 and in 2012.

The observed snow depth and ice thickness does not necessarily increase over the winter months. This is
counter intuitive at first sight, but not necessarily unrealistic due to ice dynamics, snow packing and snow
drift. This should be investigated further.

Snow statistics (mean and variance) is in good agreement with other studies from the literature. In particular

model snow mean values and variance is realistic, where the observed snow depth mean is slightly smaller
than expected from other studies.

www.dmi.dk Page 21 of 25



Q ® Danmarks
® Meteorologiske
Institut

8 Future work

The authors have throughout the report identified issues to be looked into in future works. This is a recap of
the most important issues.

In the ice thickness data that are retrieved by the alpha-method, it was found that mean ice thickness over
large areas not always showed increasing thickness during the freezing period. This seems unlikely and
should be investigated closer. The authors recommend looking into the radar penetration dependencies of
e.g. snow salinity and density. We hope to find possible means to correct for annual variations of radar
penetration depth that can improve ice thickness estimates. This will possible also lead to identifying
differences between the radar penetration and emitting layer depth in FYI and MYI.

The alpha-method is also strongly depending on the derived alpha value. It is therefore advisable to
continuously challenge the derived and applied alpha values by adding more snow observations to the data
set and to continuously looking for possible temporal and spatial variations of alpha.

The modelled Arctic ice thickness offset in the beginning of the freezing period is very low, indicating that the
surface energy balance in the ice module must be revisited. Tuning of model ice melt and freeze rates and
albedo may solve an erroneous radiation budget in the model and it can possible lead to more realistic ice
thicknesses and ice extent in the beginning of winter.

The initial state is important for forecasts of sea ice from short to medium range. Therefore, further
comparison and ultimately assimilation of data should be investigated. In this context the most immediate
variable to assimilate are snow and ice thickness and ice freeboard.

Finally, in the light of accelerating sea ice melt in the northern hemisphere it is crucial to update/extend the
satellite time series to date from the current time series that terminates in 2015. From a climatological
perspective the most recent years are of great importance for predictability of the Arctic sea ice status.

In short, the authors recommend focusing on following issues in future works.
e Evaluate radar penetration depth dependency to snow salinity and density.

e Enhance observation statistics for alpha calculation.

e Tuning of model ice melt and freeze rates and albedo.

e Assimilating satellite derived ice and snow parameters in ice model.
e Update satellite snow and ice thickness data set to 2020
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