We thank Dr. Ron Kwok, Dr. Rasmus Tonboe and Dr. Rachel Tilling for their insightful and
constructive comments and we describe our changes below.

A ‘track changes’ manuscript is appended to this response. Line humbers used in our
responses refer to this manuscript.

For each reviewer we reproduce their comments in blue and our responses in black.
Response to Reviewer 1, Dr Ron Kwok:

Equation (2), in the manuscript, is the proper way to calculate the simple quantity.
Equation (1) was first introduced in Section 3b of Kwok and Cunningham [2015] — a
transcription error — and corrected in subsequently publications that utilizes path length
calculations: see Kwok and Markus [2017] and Kwok and Kacimi [2018]. While it is useful
(for the community) to note the impact of using Equation (1), the reviewer (and author of
Kwok and Cunningham [2015]) feels and requests that— if this article were to be published
— it should be noted that the equations are correctly written in the subsequent publications
listed above.

We are happy to include this acknowledgement and have included the additional citations
(Kwok and Markus, 2017; Kwok and Kacimi, 2018) on line 64. To better acknowledge this
transition, we have rephrased lines 64-65 from “Some authors ... have used this
formulation” to “Some works ...”

The authors neglected, however, to note that Kwok and Cunningham [2008] first discussed
seasonally varying snow density, and have used a modified seasonally varying snow
density model in all of their freeboard and thickness calculations from ICESat [Kwok et al.,
2009] and CryoSat-2 [Kwok and Cunningham, 2015] data sets. It is appreciated that the
authors note that varying densities, though far from perfect, have been discussed though
not in the same manner as that here, and are being used in thickness calculations.

We are again happy to include this discussion with the citations suggested. This has been
done in lines 124-127 and line 229.

Response to Reviewer 2, Dr Rasmus Tonboe:

Some of these variables such as the snow depth is affecting the radar scattering horizon
and the snow-ice interface in opposite directions so that the correction for one and not the
other may lead to even larger errors than doing nothing. Here | see the correction of the
range for the propagation speed of microwaves in the snow to be related to the scattering
horizon depth variability.

However, the magnitude of the range correction described in this MS is probably
overestimated because there is evidence that the scattering horizon is not synonymous
with the snow ice interface (Armitage and Ridout, 2015). The scattering horizon is more
likely within the snowpack also on first-year ice because the first-year ice snow cover may
be saline thus preventing penetration into the bottom snowpack (Nandan et al., 2017). |
think that a short discussion of that should be included.

This is a significant point which is worthy of acknowledgement in the paper, and is similar
to the first point raised by Reviewer 3 (Dr Rachel Tilling). We have now ammended the
manuscript, principally adding Subsection 4.3 (lines 190 — 201). Here we state that



remedying the biases analysed may move sea ice thickness estimates further from their
true (and presently unknown) values. We have also ammended line 9 (in the abstract) to
remove the implication that fixing these biases will definitely improve the accuracy of
estimates.

While it was stated in the paper that this work uses the assumption of full radar wave
penetration, the impact of this assumption on the results was not stated and is now
summarised in lines 211-212.

Also today’s snow depth compared to the modified Warren climatology which is used for
estimating the magnitude of the range correction should be included in the discussion.

This discussion has now been included in Subsection 4.4 (lines 202-212). Since snow
depths over MYI1 are likely lower now than in the modified W99, sea ice thickness is likely
overestimated in this regard. This introduces a similar issue to that discussed directly
above.

Specific Comments

P1, L3: “This implies that that the scattering horizon is synonymous with the snow-ice
interface. However there is evidence that the scattering horizon is above the snow ice
interface especially if the snow is saline. This depth (scat. horiz.) is not well known,
so how to apply the correction?”

We have ammended line 3 to clarify that the assumption of full snowpack penetration is
invoked in publicly available sea ice thickness products. However, we now acknowledge in
Subsection (4.3) that this assumption has not held in numerous investiagtions (e.qg.
Nandan et al., 2007; Willatt, et al., 2009; Willatt, et al., 2011; King et al., 2018).

We believe the work in this manuscript to qualitatively hold for lower snow penetration
depths induced by a raised scattering horizon, although the size of the biases would be
reduced. We have now pointed this out in lines 211-212. In this case, the correct equation
for the propagation correction should still be selected and seasonal densification would still
take place and should be accounted for. To address the reviewer’s point, we now discuss
the effect of an elevated scattering horizon in Section 4.3.

P1,L6: “winter ice” is sometimes synonymous with “first-year ice”, move “in winter” to the
end of the sentence to avoid confusion.

We accept this suggestion and have rearranged the sentence accordingly.

P1, L18: less snow gives more potential for ice growth, increasing temperatures the
opposite. This sentence is contradicting.

In combination with feedback from Reviewer 3 (Dr. Rachel Tilling) that this paragraph is
unnecessary long and dense with information, we have removed this sentence entirely.

P6, L135:The NP is normally not covered by satellites and so it is not a good spot for
comparison or verification.

We have recalculated a representative densification rate based on a spatial average of the
Arctic Basin shown in supplementary figure (S2). This newly calculated rate is slightly



higher than that calculated for the North Pole (6.50 vs 6.45 kgm®/year), and we have
repeated our analysis and updated our figures with this slightly higher value.

P10, L197: How do you know the depth of penetration?

Currently the depth of penetration is not well known and as such is assumed to be total in
publicly available sea ice thickness products. To avoid the implication that radar range
estimates can be simply corrected for this issue, we have ammended this sentence to
read:

“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”

Responses to Reviewer 3, Dr Rachel Tilling:

Major Comments

“The authors’ statements about improving the accuracy of sea ice thickness estimates
are simplistic and misleading. In the abstract they state that “Correcting these biases
would improve the accuracy of sea ice thickness products” and this is echoed
throughout the text. This conclusion doesn’t account for opposing biases that also exist.”

The reviewer highlights several features of SIT retrieval algorithms that introduce
overestimating biases. If SIT is indeed overestimated on the whole, then correcting the
underestimating biases highlighted in this manuscript will make SIT estimates larger,
further removing them from the true value. We therefore agree that the statement
“Correcting these biases would improve the accuracy of sea ice thickness products” (L9) is
incorrect if this is the case.

We have rephrased the final sentence of the abstract (L9) from:

“Correcting these biases would improve the accuracy of sea ice thickness products, which
feed a wide variety of model projections...”

To:

“Correcting these biases would impact a wide variety of model projections, calibrations,
validations and reanalyses.”

We have also included a new subsection (4.3) to discuss the overestimating biases
introduced by incomplete radar wave penetration of the snowpack and to acknowledge
that if SIT is currently overestimated then fixing these biases may not make SIT retrievals
closer to the true value.

Finally, we have changed the wording in the Summary (Subsection 4.6). Rather than
referring to how much sea ice thickness is underestimated, we now refer to the biases that
are introduced by the treatments examined in our analysis (lines 102, 208, 238 and 244).

It should be clearer that the study is only concerned with the impact of evolving snow
density on the radar propagation correction, and not the conversion of sea ice
freeboard to thickness (for which all groups apply an evolving snow density). This is
suitably explicit in the title of section 3 and a couple of places in the text, but not



throughout.
We have now stated this explicitly in lines 128 and 164.

Minor Comments

Introduction: Unnecessarily dense with information. The first two paragraphs could be
condensed and combined.

We have removed information from the first two paragraphs and combined them. This is
visible in lines 14-22 of the track changes document.

P1L6: Rearrange for absolute clarity that 15 cm applies to sea ice thickness, not growth
rate.

We have rearranged and added the value for growth rate bias (to distinguish from absolute
SIT bias).

P2L35: Reference needed

This was an error and the propagation correction is in fact of comparable magnitude (ratio
0.25 : 0.29 for 300kgm™ snow). This has been ammended and illustrated in Section 1 of
the supplement.

Figure 1 (a) and (b): Larger text for numbers and y-axis labels

This figure has been updated with larger x and y axis labels and ticks.

P8L154: “...**effectively** setting the rate to zero **for the radar range correction**
introduces...

This line has now been ammended as suggested.
P8L155-157: Again, make it clear that these calculations do account for seasonal variation
in snow density, even though they will still be sensitive to uncertainties in the density

assumptions.

Line 166 now includes clarification that the evolving snow density is on a “seasonal”’ scale
with respect to the ‘snow loading correction’.
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Abstract.

Pan-Arctic sea ice thickness has been monitored over recent decades by satellite radar altimeters such as CryoSat-2, which
emit-emits Ku-band radar waves that are eonventionally-assumed-assumed in publicly available sea ice thickness products to
penetrate overlying snow and scatter from the ice-snow interface. Here we examine two expressions for the time delay caused

by slower radar wave propagation through the snow layer and related assumptions concerning the time-evolution of overlying

snow density. Two conventional treatments lead-to-systematic-underestimates-of-wintertee-thickness-and-introduce systematic

underestimates into ice thickness estimates of up to 15 cm and into thermodynamic growth rate estimates of up to +5-10 cm
over multiyear ice in winter. Correcting these biases would improve-the-aceuracy-of-sea-ice-thicknessproduects;-which-feed

impact a wide variety of model projections, calibrations, validations and reanalyses.

1 Introduction

Sea ice is a key moderator of the global climate system, limiting the exchange of heat, moisture and momentum fluxes between
the ocean and the atmosphere. It also plays a crucial role in ocean circulation and Arctic Ocean primary productivity (e.g.
Sévellec et al., 2017; Chan et al., 2017). During autumn, open water areas form new ice that can grow thermodynamically
by 1.5 to 2.5 m over a winter season. i
foHowing-melt-seasonsfurther Further deformation and thermodynamic ice growth can lead to thicknesses in excess of 5 m.

Today the Arctic is undergoing a period of profound transformation, with the area and thickness of the floating sea ice

cover in rapid decline (e.g. Stroeve and Notz, 2018; Kwok, 2018). These changes are partially-aresult-of-a-distinetchange-in

. D

D

Reviston)-and-together-withrecentinereasesn-driven by a variety of factors including later freeze-ups, earlier melt onsets and
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increased winter air temperatures

—Winter-(Graham et al., 2017; Stroeve et al., 2018).
As well as being a sensitive indicator of climate change, winter sea ice thickness 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 sea ice thickness is particularly important where data are assimilated into forecasting systems and other complex
models which often exhibit sensitive dependence on initial conditions (Day et al., 2014).

Seaice thickness has been observed through various methods including 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).

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 magnitude-of-freeboard-correetion-impact of correcting for
the weight of overlying snow is-typically-twelve-times-thatfor-theeffeet-of-on sea ice thickness is of comparable magnitude to
the correction for slower wave propagation in snow (Supplementary Material Sect. 1).

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 winter when calculating this time delay. At
present no groups producing publicly available sea ice thickness products from CryoSat-2 factor 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. The impact of this assumption is assessed and found to preduee-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.
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2 Different Treatments of the Radar Propagation Correction

The correction to the radar range to account for slower radar wave propagation in snow, dh = F; — F., is often expressed as the

product of snow depth, Z, and some function of wave velocity in snow, f(cs) (e.g. Tilling et al., 2018; Kwok, 2014) such that:

h=27x f(c;) (1)

We now present a short derivation of f(cs) and thus §h through consideration of the extra time taken, dt, 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 = tsnow — tvacuum (2)
ot=2ZJcs—Z]/c 3)
ot=27Z(1/cs—1/c) 4)

Where ¢, the wave speed in snow, and c is the radar wave speed in free space (3 x 10% ms™). To convert this time delay (Jt)

into a path difference (d/h), one multiplies by the speed of the wave in free space:

Sh=6txc=2Z(c/cs—1) 4)

Tillinget-al2048)use-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. Seme-authors-Other works have
used an alternative form of Eq. (5), generated by multiplying ¢ in Eq. (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 et al., 2016; Landy
et al., 2017; Xia and Xie, 2018):

oh=2Z.(1-cs/c) (6)
For Eq. (6) to be true, Z,. must be regarded as:
Z,=2Z(c/cs) @)

However, Z,. is conventionally interpreted as the real snow depth () and §h is therefore erroneously reduced by a factor of
¢s/c. When Eq. (7) is incorporated into Eq. (6), dh is redefined in terms of Z and becomes Eq. (5).

Conventional interpretation of Z, as the real snow depth therefore leads to a bias in the freeboard (B) where:

)2
Bf:ZX@ (8)
CX Cg
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Bias in the freeboard then propagates into estimates of sea ice thickness by a multiplicative factor of p,,/(p. — pi), where
pw 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]I), a fixed snow thickness will eatse-introduce a greater bias on the thickness of first year ice. However,
typical biases introduced by this treatment over FYT are generally expected to be lower due to reduced snow accumulation. The

bias #n-introduced to sea ice thickness retrievals (Bgr7) due to conventional, erroneous use of Eq. (6) is therefore:

(C_CS)2 % Pw
CcXcCs Pw — Pi

BSIT:ZX (9)

Equation (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. S1). In this investigation, we use the relationship from Ulaby et al. (1986):

cs =c(1+0.51p,)" 15 (10)

As snow density increases, ¢s decreases and Bgyr increases. This positive relationship between f(c;) and snow density is
shown in Fig. +a(la). Because both snow depth and snow density generally increase throughout the season as snow accumu-
lates, compacts and settles, any dh 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 Bgrr
scales more rapidly with increasing snow density than it reduces with decreasing snow depth. The increase in bias with snow
density for constant SWE is illustrated in Fig. +b(1b).

Since Bgyr is explicitly a function of snow depth and implicitly a function of snow density via Eq. (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 depths over first-year ice as per Laxon et al. (2013) and only consider the Central Arctic basin (see
Fig. S2) 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. (6) increase throughout the winter to values exceeding 15 cm in
April over multi-year ice (Fig. 1c). 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 MYI). In April, 28% of M YT has a bias exceeding 15 cm, and 7% exceeds 16 cm.

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
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Figure 1. (a) Difference between conventional use of Eq. (6) and Eq. (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. (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.

density to calculate a fixed value for f(c;) in Eq. (1). This value is fixed not only across the Arctic basin, but throughout the
winter. In the CryoSat-2 sea ice thickness product from the Alfred Wegener Institute (AWT; Hendricks et al., 2016), f(cs) is
taken as (1 — c4/c) as in Eq. (6). Citing the reference spring snow density given by Kwok (2014) of 350 kg m™, they generate
a fixed 6h of 0.227.

On the other hand, the Centre for Polar Observation and Modelling (CPOM) takes f(c;) to be (¢/cs — 1) (Eq. (5); Tilling
et al., 2018). However, the CPOM product uses a lower reference density of 300 kg m> (taken from Kweketal2011)
Kwok et al. (2011)), generating a reference 6h of 0.25Z. AWI’s use of a higher reference density mitigates the difference



introduced by their erroneous interpretation of Eq. (6). Were AWI to use a similar reference density to CPOM’s 300 kg m™
115 with Eq. (6), their reference dh would be 0.19Z, contrasting starkly with CPOM’s 0.257.
The decision to use a fixed snow density for the wave-speed propagation correction throughout the winter introduces biases

of its own with regard to the rate of thermodynamic growth; this is discussed in the next section.

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 distribu-
120 tion 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 et al., 2016; 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 overlying snow. A density evolution curve was derived from W99 by Kwok and Cunningham (2008)
125 and implemented in sea ice thickness estimates derived from ICESat and CryoSat-2 (Kwok et al., 2009; Kwok and Cunningham, 2015)
-Itis 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 freeboard-conversionsthe propagation correction, we calculated

the wave-speed-propagation correction over Arctic sea ice by two methods: The control method used a fixed reference density
130 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 data-published-in-W99Basin.
The control method used the parameters employed by Tilling et al. (2018) producing a radar wave speed in snow of
2.4x10x10® m s! corresponding to a reference density of 300 kg m™ when converted using Eq. (10). As discussed in Sect.
2, estimates of absolute sea ice thickness are sensitive to the choice of reference snow density. However, the estimated rate of
135 thermodynamic growth (the focus of this section) is more responsive to the density’s time derivative, which for a fixed value
(ps = 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 at-the Nerth-Pele-over the Arctic Ocean given by W99. This was found to be approximately +6-45-6.50 kg m per
140 month. The October starting density was taken as the spatial average of the W99 October North-Pole-density-density field over
the same region - this choice served to minimise sea ice thickness bias-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 = 6.456,50t 4 275.3274.51 (11)

Where ¢ represents the number of months since October.

145 The N

W99 snow density evolution of
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five Arctic regions were also examined and found to be similar to the Nerth-Pele-basin-wide rate, with the exception of the
Laptev Sea which shows only a small (but positive) seasonal densification rate (Fig. S3). As in Sect. 2, we halved the W99
snow depths over FYI and only analysed the Central Arctic basin where W99 is considered most reliable.

When the evolving density shown in Eq. (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 MYI. This corresponds to an
extra 1.7 cm per month when compared to a fixed f(c;) of 0.25Z. Density evolution caused FYI 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 thick-
nesses 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 was collected for W99, it
remains almost certain that snow density still increases over winter for the majority of the Arctic basin as documented in W99.
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 FYI (Langlois et al., 2007) and FYI 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 et al., 2016) 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. S4).

4 Discussion
4.1 Different Fixed Densities

To further explore this issue, we calculated the expected difference between sea ice thickness estimates from CPOM and AWI
introduced by their usage of §h = 0.257 and §h = 0.227 respectively. Since the difference in 6k 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(c;) produces a higher mean MYT thickness of 5cm in November,
growing to 7cm 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 4.7cm by April (Fig. S5).
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Figure 2. Monthly biases in sea ice thickness due to the effect of ignoring snow densification in calculating propagation correction (a)
Spatially averaged histograms indicating the area of ice subjected to a given bias. Data separated into pixels that feature MY 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) Bias maps illustrating sea ice thickness biases. 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 MY is present in over 50% of

years.

4.2 Comparison to Radar Freeboards

To investigate these biases further, we compare them by converting pan-Arctic CryoSat-2 radar freeboard retrievals from

180 late 2010 to early 2018 fromTandy-et-al+2019dnReview(processed under the assumption of a lognormal ice roughness
distribution (Landy et al., 2019)) to estimates of sea ice freeboard using:
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Figure 3. Percentage bias in sea ice freeboard. The bias induced by two effects was compared to the tee-radar freeboards fromtandy-et
alH2019-InReview)proccessed using the assumptions of Landy et al. (2019). (a) Percentage bias introduced by the use of Eq. (5) vs Eq.

(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 the-densification-rate-at-the
North-PoleW99 data. This bias increases as a fraction of the ice freeboard from 2.3% to >6%, indicating that thermodynamic growth rates

are underestimated.

(a) Equation (5) versus Eq. (6) (with conventional, erroneous interpretation) using the depth and density fits from W99

(b) A monthly evolving density versus the fixed density used in Hendricks et al. (2016), both with spatially constant density

across the Arctic basin
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We find that the bias induced by the conventional, erroneous interpretation of Eq. (6) remains relatively constant as a fraction
of the sea ice freeboard at around 6% (despite increasing in an absolute sense) (Fig. 3a).

We find that the bias induced by the assumption of a non-evolving snow density (in calculation of the propagation effsetcorrection)
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. 3b), indicating that the growth rate is underestimated when a fixed density is assumed.

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., 2009). 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.

4.4 Snow Depth Decline Since W99 Collection

The climatology assembled by Warren et al. (1999) was collected from drifitng ice stations largely over MYI in the period

1954-91. Since then the average age of MYT has declined and freeze-ups have become increasingly delayed (Stroeve and Notz, 2018)
- This has had the effect of decreasing snow depth over MYI (Webster et al., 2014). While W99 has been modified to better
apply over FYI 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 MYT snow depths in this analysis or other publicly available products. As such, the snow.
depths conventionally used for thickness retrievals are likely overestimates over MY and this introduces an overestimating bias
on freeboard and sea ice thickness. This would add to the effect described in Sect. 4.3, where fixing underestimating biases
may not make the overall estimate closer to the truth,

Furthermore, lower snow depths and/or incomplete radar wave penetration of the snowpack would decrease the magnitude
of the biases described here (as Eq. (8) and Eq. (9) both scale linearly with snow depth)._

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 have some impact on total sea ice volume,

10
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although this is well within the currently large uncertainty bounds. Nonetheless, we argue that these uncertainty bounds have
been systematically biased low through conventional use of Eq. (6) in some products.

In addition, the fact that these underestimates grow over winter means the seasonal growth rate is also underestimated
through conventional use of Eq. (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., 2012).

Sea ice thickness products featuring the misinterpretations of Eq. (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
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 and Peterson, 2018). While these biases may be small compared to the effects of partial
radar wave penetration into the ysnowpack,
they are remediable-and-can-be-simply-applied-simply remediable. We suggest this is done before further work is undertaken
to correet radar range estimates for partial penetration-of-the-wave-estimate the extent of and incorporate the effects of partial
penetration radar wave penetration into the snow cover.

4.6 Summary

We investigated two conventional methods for correcting radar altimetry based sea ice freeboard retrievals for slower radar
wave propagation in snow. We found that a commonly used treatment (conventional use of of Eq. (6)) for this correction leads
te-introduces an initial and seasonally-increasing underestimation-of-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 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 is-found-to-be-tinderestimated-by-of ~1.7 cm per month leading to a ~10.1 cm underestimate-in
growth-bias over the October-April period.

While these biases in-on sea ice thickness (Sect. 2) and growth rate (Sections 2 & 3) retrievals are small compared to the
total uncertainty, they are systematic and influence the uncertainty bounds. These biases also propagate into derived products

and model projections, calibrations and reanalyses.

11
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1 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)

hi=hy+hs(c/cs—1)

The conversion of a given ice freeboard can be combined with a snow depth to estimate sea ice thickness:

SIT=h; -y p, P (Tilling et al. 2018)
pw — P pw - Pz

Substituting Eq. (S2) into Eq. (S3)

Ps
Pw — Pi

SIT = h,— v 4 p P {0—1}%5
Pw — Pi Pw — Pi [ Cs

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

(SDH

(82)

(S3)

(S4)

(85)

Comparing the relative impacts of the Propagation Correction term and Snow Loading term is relatively simple given they

share a common factor of hg/(p, — ps). The ratio of the two terms is therefore ¢/cs — 1 to ps/p.,. For a typical snow density

of 300kgm™, this ratio is 0.25 to 0.29. (Using p,, = 1023.9 and Ulaby et al. (1986) to relate p, to c, )
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Figure S1. Three commonly used relationships between radar wave speed and snow density Hallikainen et al. (1982); Tiuri et al. (1984);

Ulaby et al. (1986).



Figure S2. The region over which snow depths published in Warren et al. (1999) are generally considered reliable (Laxon et al. (2013);

Kwok and Cunningham (2015)), and over which freeboards are considered in this study.
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Figure S3. Winter snow densification rates for five regions and the basin-wide average. We defined the ‘basin-wide area’ as the shaded area
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