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Abstract. In recent decades, satellite radar altimetry has been widely used to assess volume changes over the Greenland
Ice Sheet. Especially, melt events result in drastic changes in volume scattering of firn, which induces a pronounced change in
parameters derived from radar altimetry. Due to the recent and increasingly frequent melt events over Greenland, the impacts of
these events on the firn condition i.e. formation of ice lenses and reduction of firn air content, need to be better understood. This
study therefore exploits the ability of long-term CryoSat-2 data in indicating changes in firn volume scattering, in order to assess
the spatio-temporal firn condition variations in Greenland. More specifically, this study utilises the leading edge width (LeW)
parameter derived from CryoSat-2 Low Resolution Mode, which has been proven to be the parameter most sensitive to changes
in volume scattering, and assesses its variation between January-20+H-and-August-202+-September 2010 and September 2024.
With a combined analysis of remote sensing observations, in situ observations and outputs from regional climate models, our
study demonstrates that the LeW drop induced by extreme melt events in the interior of Greenland experiences a gradual
recovery, which can potentially be explained by new snow deposition. However, in many high-elevation regions of Greenland
where firn layers were originally dry, due to the recently recurring extensive melt, the firn volume scattering does not fully
recover to the original state before the 2012 melt, indicating a long-lived increase in Greenland’s firn density in a changing
climate. Finally, our study also confirms the capability of using radar altimeter data to monitor changes in volume scattering

properties of firn in the long-term.

1 Introduction

Over the recent decades, the Greenland Ice Sheet has experienced a notable increase in the frequency and intensity of melt
events (Tedesco et al., 2011, 2013; Nilsson et al., 2015; Tedesco et al., 2016; Tedesco and Fettweis, 2020). These events
are particularly prevalent in low-elevation regions, where they contribute to runoff towards the ocean. This runoff negatively
impacts the surface mass balance (SMBJ)-of the ice sheet and may lead to irreversible ice loss and sea-level rise (Lenton

et al., 2008; Sasgen et al., 2012). In contrast, at higher elevations, meltwater can infiltrate and refreeze within the porous firn



25

30

35

40

45

50

55

(Harper et al., 2012). This refreezing process releases latent heat, which accelerates firn compaction and diminishes the firn’s
capacity to store additional meltwater, consequently speeding up runoff from the ice sheet’s interior (van den Broeke et al.,
2016; Machguth et al., 2016; Vandecrux et al., 2019). Surface meltwater also drains towards the bedrock through crevasses
and moulins, altering basal frictions and ice velocities (Zwally et al., 2002; Sundal et al., 2011; Meierbachtol et al., 2013).

Furthermore, studies suggest that the runoff and melt will continue to increase (Vizcaino et al., 2009; Huybrechts et al., 2011)-

Therefore-the-determination-of-, underscoring the importance of assessing the impact of melt and refreezing n-the-firntayer
over-Greenland-has-become-of utmostimportance-on Greenland’s firn layer for understanding the ice sheet’s overall stability

and response to climate change (Heilig et al., 2018).

They-do-thisindireetlyasrefreezingimpaetsfirn-elevation changes (e.g., Helm et al., 2014b; Slater et al., 2018). The underlyin,

rinciple is based on the fact that over firn-covered regions of the ice sheet—primarily at higher elevations—radar pulses

at frequencies commonly used in satellite altimetry penetrate into the firn (e.g., Ridley and Partington, 1988). According to

Ridley and Partington (1988) and Davis and Zwally (1993), the penetration depth may range from a few centimetres to several

metres, depending on the firn status ((e.g. dry, wet, refrozen; Slater et al., 2019)) and the retracker (Michel et al., 2014; Simonsen and Sgrer

- Consequently, recorded waveforms contain signals from both surface scattering and volume (or subsurface) scattering caused
by inhomogeneities within the underlying firn layers. Surface scattering dominates the start of the waveform, while volume
scattering becomes predominant beyond the inflection point, where the illuminated surface area becomes constant. The rise of
the backscattered power from volume scattering depends on firn parameters, including firn density, firn air content (FAC), and

grain size (Vandeerux-et-al52019; Brils-etal52022)-which-further-influence-the-altimetry-signals-through-changes

- For example, larger grain radii and higher firn densities lead to a faster increase in backscattered power (i.e., a steeper leading.
edge) (Ridley and Partington, 1988, Figs. 9, 10). Melt and refreezing events alter firn parameters and form refrozen layers,
modifying scattering behaviour and waveform shape. Depending on thickness and density, refrozen layers can substantially.
reduce radar penetration, diminishing volume scattering. While these changes in waveform shape are observable, attributing
them to variations in volume scattering—and thus to changes in firn properties—requires distinguishing them from variations
in surface scattering, particularly those driven by surface roughness. Indeed, a decrease in surface roughness also results in
steeper leading edges (Ridley and Partington, 1988, Fig. 8).

have employed waveform shape parameters to gain insight into the impact of melt and refreezing on Greenland’s firn layer, as

—~(Ridley and Partington, 1988; Va
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, for example, used Ku-band (13.575 GHz) frequency;-has-been-employed-altimeter data acquired by CryoSat-2 to track the
formation of ice lenses following melt eventstNilsson-et-at;2045)+to-understand-, Simonsen and Sgrensen (2017) explored
%meswtggvtewthe 1mpact of volume scattering propertles on height-estimations{(Simonsen-and-Serensen; 2047);

~elevation estimates. Both Nilsson

et al. (2015) and Simonsen and Sgrensen (2017) showed that a large leading edge width (LeW) is an-indieator-indicative of
volume scattering of the signal in the upper parts of the firn, while Nilsson et al. (2015) in particular observed the impact of the
2012 Greenland melt event and its subsequent refreezing on the-parametersderived-from-radar-waveformswaveform-derived
parameters, including LeW, trailing edge slope (TeS) and peakiness, backscatter intensity, and height. The Simonsen and
Sgrensen (2017) study indicated that within the region of the Greenland Ice Sheet covered by Low Resolution Mode (LRM)
eoverage;—data (i.e., the LRM zone), LeW could be effectively used to correct for height-elevation biases caused by vol-
ume scattering. Furthermore,-Seanlan-et-al(2023)-developed-a-medel-using-In addition to waveform shape parameters, other

radar altimeter-derived variables have also been utilised to infer firn properties. For instance, Scanlan et al. (2023) leveraged
surface echo powers in Ku-band CryoSat-2 and Ka-band SARAL radar waveforms to derive monthly maps of Greenland

Ice Sheet’s wavelength-scale surface roughness and density ef-srow-in-Greenland-between-between January 2013 and 2649-

several studies have estimated radar penetration depths by combining radar and laser altimetry data. Michel et al. (2014), for
example, analysed the differences between radar (ENVISAT) and laser (ICESat) altimeters-altimeter heights over Antarctica

to derive Ku-band radar penetration depths-biases into firn and compared these height differences with LeW;-providingLeWs.
The study provides insights into opportunities for similar approaches to study Greenland’s firn.

Despite the-these advances in using radar altimetry to monitor Greenland’s firn ;-the-evaluation-of-firn-properties-has-been
WMWW%M&WM%&

been confined to a period without extensive melt {e

or to the short timeframe immediately following the 2012 melt event (e.g., up to 2014; Nilsson et al., 2015). The impact on the
long term, especially following the 2019 melt (Tedesco and Fettweis, 2020), remain insufficiently monitored. The availabilit

of more than a decade of CryoSat-2 data ;-offers-an-opportunityfor tong-term-studies-of presents a valuable opportunity to
address this gap.
The main objective of this paper is to assess the impact of melt and refreezing events on the properties of Greenland’s firn

between-upper firn layer, using LeWs derived from CryoSat-2 radar waveforms acquired between 2010 and 2024, To support
the interpretation of the results, we complement the assessment by comparing the LeWs with: (i) the surface roughness dataset

(e.g., January 2013 to December 2018; Scanlan et al., 2023
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derived by Scanlan et al. (2023) to analyse under which circumstances the LeW variation is dominated by surface scattering;
ii) the ArcticDEM standard deviation to assess the impact of macro-scale roughness due to topographic variation on LeW,
iii) laser-radar height offsets obtained by differencing ICESat-2 laser altimeter elevations and CryoSat-2 —which-both-wil

radar altimeter elevations to gain further insights
into volume scattering; and (iv) firn densities and FAC from the Modele Atmosphérique Régionale (MAR) (Fettweis et al.,

2011, 2017; Lambin et al., 2022) and the Firn Densification Model from the Institute for Marine and Atmospheric research
Utrecht IMAU-FDM v1.2G; Brils et al., 2022) i

e-to_analyse how spatial and temporal
variations in firn properties affect the LeW and to improve the interpretation of radar altimeter scattering properties for future

research.

MAR-and-IMAU-FDM-The paper is organized as follows. The details of data and coverage are described in Section 2. The

derivation of LeWs and height-elevation differences between ICESat-2 and CryoSat-2 will be detailed in Section 3. Sections 4

and 5 present, analyse and discuss the results. Finally, our main findings and outlook are presented in Section 6.

2 Data

Thi L I hed i how-il

2.1 Reference digital elevation model

The ArcticDEM digital elevation model (DEM) is utilized for three purposes: (i) correctin CryoSat 2 time-series-can-indicate

macro-scale surface roughness resulting from topographic variation, and (iii) segmenting the Greenland Ice Sheet into ten



distinct elevation bands for spatio-temporal analysis. These groups include one below 1500 m, eight between 1500 m and
125 3000 m, and one above 3000 m.

RRRRAARARARAAANAAARNAAANRRARNAANA

ArcticDEM is constructed from recent stereo satellite imagery (Porter et al., 2023) and has a systematic error of less than
5 m (Noh and Howat, 2015). The model is available at various resolutions, ranging from 2 m to 1 km (Porter et al., 2023).
Consistent with Li et al. (2022), we employ the 100 m resolution ArcticDEM for slope-induced error correction in CryoSat-

130

and computational efficiency compared to the higher-resolution 2 m dataset.

For_macro-scale roughness estimation and elevation-based segmentation of the Greenland Ice Sheet, we use the I km
resolution ArcticDEM. The roughness metric is defined as the standard deviation of elevations within a 10 km_ <10 km
grid. Prior to segmenting the Greenland Ice Sheet in distinct elevation bands, we first average elevations over the same

135 10km x10 km grid to ensure consistency with the grid used for firn model output.

2.2 CryoSat-2 observations

CryoSat-2ERM-data-"s prim ayload, the SAR Interferometric Radar Altimeter (SIRAL), operates in three measurement
modes (Wingham et al., 2006):

1. Low Resolution Mode (LRM): analogous to pulse-limited radar altimetry, this mode is used over relatively flat ice sheet
140 regions and the open ocean.

2. Synthetic Aperture Radar (SAR) Mode: utilising coherent echo processing, this mode provides higher-resolution along-track

data from sea ice and sea-ice-contaminated ocean surfaces.

3. SAR Interferometric (SARIn) Mode: combining coherent echo processing with interferometry, SARIn delivers high-resolution
along-track data along with across-track echo directions, primarily for ice sheet margins.
145 This study focuses on LRM data acquired over the interior of the Greenland iee-sheetprovide-waveform-information-which-ean
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using Baseline E data spanning from September 1, 20H-and-August 32024 The-LeW-in-metres-is-computed-from-the
normalised-waveformas2010, to September 30, 2024.

150 Both LeWs and elevations (h) are estimated using the Offset Centre of Gravity (OCOG) retracker (Wingham et al., 1986; Bamber, 1994
- The retracker is applied to waveforms that are normalized based on their peak power. The LeW, expressed in metres, is
computed as:

1
LeWLeW = 50At(bw0&5 —b0.010.05) 57 ¢))

where bygg-and-byorbg.gs and by s are the range bias-corresponding-to-the-bins—where-the-normalised-bins at which the
155 normalized waveform power equals 8:99-and-0-04—+espectively(found-with-Hnear-interpetation)s95% and 5% of the OCOG



amplitude (A, ), respectively, determined via linear interpolation. Here, ¢ represents the speed of ligh andS—is—fhe—raﬂge
resolation-of-At denotes the CryoSat-2

A-and-pixel-Crefer-to-the-highlighted pixelsinFig— LRM waveform sampling interval (3.125 ns). A is given b

Aocos = | D y*(n)/ Y v3(n), 2)

n=ni n=ni

160 where y(n) denotes the normalised power at bin n. The parameters 1, and n, define the range of bins included in the
computation, which serves to mitigate the impact of noise typically present at the beginning and end of the waveform (Frappart et al., 2021; |
< In this study, n; and n; are empirically set to 10 and 125, respectively.

The computation results in approximately 4.55 x 107 LeWs over the entire investigated period in total. Monthly mean LeWs
are computed on a 10 kmx 10 km grid. The time series of monthly mean LeW serves as the basis for analysing temporal LeW.

165 variations along a simple north-south transect (connecting the NEEM site, Summit Camp and the southernmost locations of
the LRM coverage) and conducting a Greenland-wide assessment of LeW variations across elevation bands.

S%semmﬁ&wﬂwﬂaﬁﬁﬁmﬁ%&MMCryOSat 2 ehcﬁffmfrfhe—wavefefms

o-¢levation estimates (i) are derived using the OCOG retracker
170 mmmemﬁ&m%mmmm
seattering-of-half-power point best represents the mean surface elevation (i.e., the mean elevation of the firn-air interface)
within the altimeter’s pulse-limited footprint, assuming surface scattering dominates the waveform. However, in firn-covered
areas, g corresponds to an elevation within the firn layer. By comparing h¢ to ice sheet elevations from ICESat-2, we obtain
laser-radar height offsets as a proxy for the Ku-band radar-in-the-firntayer-(Li-et-ak;2022)Fo-correctfor slope-indueed-errors

175 in-thetadar penetration depth (see Sect. 3.3).
Based on the results of Li et al. (2022), we chose to apply the LEPTA method to correct ho height-estimation—we-tse
the-leading-edge-for slope-induced errors. The study, which introduced and compared LEPTA against slope- and point-based

account-forimpaets-of-eomplex-terrainscorrection methods using CryoSat-2 LRM data over Greenland in 2019, demonstrated
180 that LEPTA provides stable performance across both flat interior regions and areas with more complex topography when
compared to ICESat-2 observations.

185
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he-The laser altimeter-derived elevations of the firn-air interface,

which are used to calculate a proxy for the Ku-band radar penetration depths, are obtained from the ICESat-2 LL3A Land Ice

Height (ATLO06) product , Version 6 (Smith et al., 2023a).
ICESat-2 uses-operates the Advanced Topographic Laser Altimeter System (ATLAS) with-taser-ata-that transmits pulses with a

wavelength of 532 nm wavelength-(Abdalati et al., 2010). The along-track resolution of the ATLO6 product is ~48approximately

40 m (Smith et al., 2023b), and the-its geolocation bias is less than 10 m (National Snow and Ice Data Center (NSIDC), 2021).
In this study, we use-used ATLO6 between-data from January 1, 2019and-August-31+-2021-+te-, to September 30, 2024,

to obtain ICESat-2 heights-elevations () for each CryoSat 2 pomtéh@}th&AiPLGérdat&deﬁe%have%ﬁ*eérer—fegtﬂaﬂy

approach described in Li et al. (2022), we compared CryoSat-2 peint-(h)elevations acquired in a given month to ICESat-2
elevations from the same month. For each CryoSat-2 point, the-we first identify all ICESat-2 points within a 50-m-and-acquired

If ICESat-2 points are available in each quadrant surrounding the CryoSat-2 (hpmc)-and-point, ICESat-2 (hpmm)-tocations;
heneethe-differencesbetween—the-elevations are interpolated to the CryoSat-2 location using natural-neighbor interpolation

hior). Otherwise, nearest-neighbour interpolation is applied. The search for ICESat-2 and-points within a 50 m radius of each
CryoSat-2 heights(Ah)is-ealenlated-as-

Ah = Pucrs — hC - (hDEMI - hDEMC)
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ields a total of approximately 4.53 x 10° points.

2.4 Firn models

To support the interpretation of the-altimeter-derived parameters{leW-and-AR)LeWs and laser-radar height offsets, we use
235 firn density, melt water content (MWC), and firn air content (FAC) from two different-regional climate and firn models;

: the Modele Atmosphérique Régional (MAR, Section 2.4.1) and the IMAU Firn Densification Model (IMAU-FDM, Sec-
tion 2.4.2)respeetively.

2.4.1 Modele Atmosphérique Régional (MAR)

Layered firn densities and melt-water-meltwater content (MWC) over the study period are obtained from the-version3-142
240 version 3.14 of the Modele Atmosphérique Régional (MAR) forced by the ERAS reanalysis (Fettweis-et-al; 2047 Lambin-et-al5-2622)
2022; Grailet et al., 2024; Machguth et al., 2024). The MAR outputs have a spatial-therizental

»horizontal resolution of 10 km and a daily temporal resolution, whereas the vertical resolution of the snowpack varies in-time

Fettweis et al., 2017; Lambin et al.,

betweent-em-eloseto-over depth, from 10 cm near the surface to 5 m at the bottom of the snowpack. The MAR model resolves

here-the-only the upper 20 first-metres-of snow-only-and-the-metres of the snowpack.
245 We use the time series of modelled firn density profiles to compute the weighted average density of the upper +-5-m—(a
eshold-based-on—Fig: is-caleulated-based-on-the-depth-ef-each-snew-layer-thickness:firn column, from the surface to
the maximal proxy for Ku-band radar penetration depth. Thickness is used as a weighting factor to account for the model’s
uneven vertical resolution. The maximal proxy for Ku-band radar penetration depth is empirically determined by analysing the

differences between ICESat-2 laser altimeter elevations and CryoSat-2 radar altimeter elevations (see Sect. 3.3).
250 The firn density profile ean—be-used-to-infer-the-amount-of-provides insights into volume scattering. For example, the

presence of a refrozen layer (re—atayerwith-high-density; Nilssonet-al5 2045 Otosakaet-al;2020)-prevents-the-penetration
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oftheradarsignal-heneereduces-the(i.e., a layer with high density; Nilsson et al., 2015; Otosaka et al., 2020) prevents radar

signal penetration, thereby reducing volume scattering.
The MWC is used to restrict our analysis to non-melt conditions, in-erder-to-reduee-minimising the impact of meltwater

production on Ku-band radar and 532 nm laser measurements. When MWC> 0, meltwater is present in the firn layer, hence
the altimeter-derived parametersas-w

identify-the- MWC-values-, The MWC value at each CryoSat-2 location is obtained using nearest-neighbour interpolation.
To assess the timing and extent of melt-refreeze patterns, the-we use the MAR-derived meltwater production and refreezing

outputs %&%MWWMWFMM&CWM& To provide insights into
volume scattering variations, we adopt the total snow height change (i.e., the snowfall accumulation) from MARis-adopted—We
ealeulate-the-, The accumulated total snow height change is calculated as the sum of daily totalsnow-heightchangefrom-date-of
changes from the intensive melt Fuly 12,2642 Nghiemetal; 204 2)to-Atgust 34,2624—in July, 2012 (Nghiem et al., 2012)
to September 30, 2024. The time series of these outputs are-is visualised in Appendix A. For consistency with CryoSat-2 time
series, we compute monthly averages for density, melt, and refreezing from the daily data. Similarly, monthly snow height
changes are computed as the sum of daily changes.

2.4.2 Firn Densification Model IMAU-FDM)

Alternatively, firn density, MWC, and FAC with a 10-day temporal resolution are obtained from the firn density model IMAU-
FDM v1.2G (Brils et al., 2022). ¥This is a Lagrangian 1D firn model which-cemputes-that simulates the evolution of the
firn thickness, density, temperature, and water balance. It uses a ~ . ing-"bucket method” to compute
meltwater percolation into the firn. #s-The model’s ability to accurately modetrepresent firn properties has been validated in
Brils-et-al+2022)-Brils et al. (2022). At its surface, IMAU-FDM is forced by the-eutput-of-output from the polar version of
the Regional Atmospheric Climate Model (RACMO?2; Noél et al., 2018). Resultsfrom-the-model-are-available-between-Model
results are available from October 1957 and-to December 2020. Similarly-to-As with the MAR data, we {i)-masked-out-al-HDM

upper firn column, from the surface to the maximal proxy for Ku-band radar penetration depth.
The FAC is-represents the vertically integrated porosity in-of the firn (Kuipers Munneke et al., 2015), which-is-in-the-unitof
tle-the density-is cateulated-over the first +:5-mbut the FAC is ealeutated for the-expressed in metres. It is computed
over the entire firn column —FAC-is-the-total-porosity-offirnand serves as a measure of total firn porosity, indicating the
capability-of-the-firntayerfirn’s capacity to retain meltwater (Vandecrux et al., 2019). Therefore;-we-use-Although CryoSat-2
signals primarily penetrate the upper firn layers, we leverage the modelled FAC time series to validate—whether—the-assess
whether the observed melt-refreeze patiern—we-aim-to-observe-has-alargeimpaet-on-patterns notably influence broader firn
conditions. Fhe-application-of-this-datasetis-two-fold
This dataset serves two main purposes. First, to supperttheinterpretation-of LeW-time seriesdetermine whether firn conditions
changed considerably during the CryoSat-2 observation period, we use IMAU-FDM firn density and FAC as a reference dataset

o-compare-with-both-Ee W-and-MAR-density-monthly-time-seriesbetween-for comparison with the monthly LeW time series
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{empefal—vaﬁaﬁmmeeds%&beeﬁh&need—“ﬁthfespeet—f&from 1961 to 2020 is used to examine recent changes in the Greenland
Ice Sheet in the spatiz

as-the-resampled-CryoSat-2 e W)from-the-time-seriescontext of previous decades.

2.5 In situ density aequisitionsprofiles

295 Besides-theIn addition to firn model data, we also-use-available-incorporate various in situ density profiles from Sehalleret-al+(2016b);-Otos
Mat different locations to show-assess the impact of melt events on firn layers. In situ measurements are

ights istprovide valuable insights into the persistence and

meithin the Greenland firn, which-suppert-supporting the interpretation of the-LeW variations.

We-use-

300 We include available and published in situ denstttes-density profiles in our analysis if they meet the following criteria: (i)
the acquisition site is-falls within the CryoSat-2 LRM coverage; (ii) the acquisition contains the 2012 melt layer to-provide-or
additional melt layers, providing information on the existeree-presence and depth of refrozen ice layers, (iii) the acquisition is
vertically continuous r-instead-of-enerather than a single measurement at a single-depth—Therefore;-on-the-one-hand,-we-rely
on-the-2-m-depth-firn-eore-densitiesfrom Sehaller et al-(2016b)specific depth. It is important to note that, the main reason to

305 contain the 2012 melt year is to provide more sound evidence that the 2012 melt event results in a visible density increase,

the recovery in LeW can be eventually observed.
The adopted in situ measurements include profiles collected along a tra_]ectory between NEEM and the East Greenland
Ice-core PI‘OJGCt (EGRIP) i

310

we«us&ﬁmeefedeﬁst&e&ffeiﬁ&%ﬁk&(%@%@% (Schaller et al., 2016a) and along the Expedltlon Gla01010g1que Internationale

Au Groenland (EGIG) line
{Otosakaetal;2020)(Otosaka et al., 2020). Additional data come from the Summit and Saddle stations (MacFerrln et al., 2022)

315 , the Greenland Traverse for Accumulation and Climate Studies (GreenTrACS; Lewis et al., 2019), ice cores from central west

Greenland (CWG; Trusel et al., 2018), and from Vandecrux et al. (2023). The locations and corresponding densities are shown
in Fig. 1.

10
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Figure 1. In situ densities—density profiles and their measurement locations ef—measurements:—the NEEM;—N2ZEO6—and—EGRIP

measurements—are—acquired from

Schaller et al. (2016b); Otosaka (2020); Vandecrux et al. (2024). The background is the 1 km-x1 km DEM—fromHelmetal(2014a; by
ArcticDEM. Blue rectangles MWM represent the geographic transect ef-interest-used tﬁ*Seeﬁeﬂ%tm

the results.
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2.6 Stratigraphy;-Wavelength-scale surface roughness and-tepegraphydata

In-additionto-the-medeHed-firnproperties-and-in-situ-densities To assess the extent to which changes in LeW can be attributed
to variations in wavelength-scale surface roughness, we use the vertical-stratigraphy-derivedfromRutishauseret-al-(2024)-

wavelength-scale surface roughness

dataset derived by Scanlan et al. (2023) from Ku-band CryoSat-2 and the 195-MHz-OB-MCoRDS;-acquired-simultaneously

between20H-and2019-computed-as-

dz = hlaser - hradar

MMMW%WMMIMWMMWWW
as monthly estimates on a 5 kmx5 km grid for the period January 2013 to December 2018. Surface roughness estimates are
obtained via the Radar Statistical Reconnaissance (RSR) technique, which statistically characterises the distribution of surface
echo powers extracted from individual radar waveforms. The RSR method fits a homodyned K-distribution to the observed
echo power histograms to recover relative, dataset-dependent coherent and incoherent powers, which are converted to absolute
powers by calibration. Surface roughness is subsequently inferred through inversion using a backscattering model. Spatially,
roughness estimates derived from both SARAL and CryoSat-2 LRM reveal a smooth interior becoming progressively rougher
toward the margin. The validation of the roughness time series at six locations revealed an annual roughness cycle at one site,
with a marked increase in surface roughness during summer, likely associated with surface melting (Scanlan et al., 2023). In
order to assess the LeW variations with respect to roughness variations, the roughness dataset is averaged to the 10 km> 10 km,

consistent with the LeW grid.
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3 Method

3 Methods

3.1 Assessing LeW variability and recovery after the 2012 melt event

the-25-km—<25-km-grid-consistent-to-the resampled-resolution-of-LeW—variability of the changes in LeW, with particular
emphasis on the recovery of LeW following the extreme 2012 melt event (Tedesco et al., 2013). To this end, we generate a
series of maps showing the changes in average LeW over non-melt seasons (October—April) relative to (i) the non-melt seasons
of the previous year, and (ii) the baseline period of October 2010 to April 2011, These non-melt season averages are computed
using the time series of monthly mean LeW values on a 10 km>10 km grid described in Sect. 2.2. In addition to the maps,
we present changes in monthly mean LeW time series—expressed relative to the mean LeW from October 2010 to April
2011—along a geographic transect connecting the NEEM site (Nilsson et al., 2015; Schaller et al., 2016a), Summit Camp, and
South Greenland (see Fig. 1). Finally, we mask-eut-grid-eells-where-either-dz—values-or e Ws-are-not-available—examine these

changes across ten elevation bands, ranging from below 1500 m to above 3000 m (Section 2.1).

3.2 Assessing the effects of surface roughness (changes) on LeW (changes)

13
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To assess the extent to which changes in LeW can be attributed to variations in surface roughness, time series of both
wavelength-scale and macro-scale reughness-due-to-topographic-variation-on-leW-surface roughness covering the same period
as the CryoSat-2 LRM data (i.e., September 1, 2010, to September 30, 2024) would be required. Unfortunately, such time series
are not available. In the case of macro-scale surface roughness, no time series exist. For wavelength-scale surface roughness,
the available data are limited to the period from January 2013 to December 2018 (Sect. 2.6). This constrains the scope of our
analysis.

To gain insights into the potential influence of wavelength-scale surface roughness on LeW, we compare time series of
monthly mean wavelength-scale surface roughness values with corresponding changes in monthly mean LeW. In both cases,
anomalies are computed by subtracting the mean over the January 2013 to December 2018 period. As in the analysis of LeW.
variability and post-2012 melt recovery, the results are presented along the geographic transect and as averages across ten

elevation bands.

alHeeW-and-Ah-estimates-to-assess-to-what-extent-the-In addition, we examine the relationship between the absolute values of

LeW wvariation-is-dominated-by-the-penetration-depth-henee-and surface roughness—both wavelength-scale and macro-scale.
These results are also presented along the geographic transect and averaged over the ten elevation bands.

3.3 Assessing the correlation between LeW and laser-radar height offsets

This analysis aims to evaluate the extent to which changes in LeW can be attributed to variations in volume scattering. For-this

are-computed-betweenLeW-We assess this indirectly by examining the correlation between time series of monthly mean LeW.
and those of a proxy for Ku-band radar penetration depth. Following the approach of Michel et al. (2014), this proxy is defined
computed as:_

A = s~ e~ (o~ ). )

where hppy and Adi-for-atl-valid-hiyyc represent the elevations of the 100 m resolution ArcticDEM at the ICESat-2 and
CryoSat-2 measurement locations, respectively. The subtraction of their difference accounts for terrain-induced elevation
variations between the two measurement locations.

All negative Ah esti
from further analysis. As shown in Fig, 2, these values predominantly occur near the margins of the LRM zone, particularly.
around Jakobshavn Glacier. From the overall probability distribution function, also shown in Fig. 2, we conclude this affects
7% of all values. Negative Ah values can be explained in different ways. Among others as the result of measurement errors,
errors in data processing (notably in the deri ati ' ] senti signifieanee-of th

values are excluded
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betweenJanuary-and-May-every-year-and-assess-corrections for slope-induced errors), potential scattering errors from ICESat-2
measurements (Smith et al., 2018; Fair et al., 2024) and the difference in the-averaged-leW-between—(i)-every—year-and-its

radar altimetry (ICESat-2 might resolve topographic variability that cannot be resolved from radar altimeter data).
To assess the correlation between LeW variations and Ah, we first obtain all the Ah and LeW over the entire period
within each grid cell of a 10 kmx 10 km grid. Correlations are quantified using the Pearson correlation coefficient. Statistical

significance is evaluated via p-values, with correlations considered significant when p < 0.05 (Bermudez-Edo et al., 2018).

3.4 Comparison with modelled firn properties

The-comparison—is—performed-aims to examine (i) the capability of LeW to indicate firn processes and (ii) whether these

rocesses are recent, providing insights for future studies. In doing so, we compare LeW variations against variations in
modelled firn properties over two different time periods. The first ene-is-between201H-and2021—-when-the-comparison is

conducted over the period for which CryoSat-2 Baseline B-E data are available —This-comparison—is—purely—to-assess—the
eapability-of LeW-to-indieate-firnproeesses—(between 2010 and 2024). The second comparison is-performed-between1966
and-2020;-covers the longer period when IMAU-FDM data are available —(between 1960 and 2020). To ensure consistency
mean density and FAC time series relative to the mean density and FAC from October 2010 to April 2011, This comparison is

studies—also performed over the north—south transect and across ten elevation bands, introduced in Sect. 3.1. For the analysis
over the longer period, we present the yearly mean density and FAC relative to the density and FAC from 2011.

In addition, for the analysis where we compare and interpret the spatio-temporal variations with firn properties, we need to
select a maximal proxy for penetration depth that corresponds to the vertical resolution of the available firn models (i.e.. MAR
and IMAU-FDM) to ensure a fair comparison. Figure 2 shows that Al is generally between 0 and 1.5 m on the interior of the
ice sheet, therefore this range is used to select the max Ak that can be used as an indicator of volume scattering. Due to the
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Figure 2. Statistics of elevation differences between ICESat-2 and CryoSat-2 (Ah). (a) Median Ah per grid cell at a 10 kmx 10 km grid;
the background shows the 1 km x1 km ArcticDEM. (b) Probability distribution function of Ah, with vertical lines indicating selected

percentiles.
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uneven vertical resolution of MAR, the weighted average density of the upper 1.5 m is calculated using the thickness per layer
as the weighting factor.

4 Results

4.1 LeW time-series-compared-with-vertieal-stratigraphyvariability and recovery after the 2012 melt event

Figure 3a presents the changes in non-melt season (October—April) average LeWs between successive seasons. It shows a
notable reduction (greater than 2 man ive n-contrast, bothva are inthe high ation-) in LeW over

the interior of the ice sheet

d=is-approximately—0-5—m—higher-in-This initial reduction indicates a decrease in volume scattering, corresponding to
the extreme melt event and subsequent ice-lens formation in 2012 (Tedesco et al., 2013; Nilsson et al., 2015). The recove
between 2013 %hawmewheﬂeafs—bﬁ&deefeaseﬁe%eweﬁfakw&betwea%—%%and 2049 In—<contrastthereduetion—in

eempafee}{e—fhe—pefied—befweeﬂ%el—l—&ﬁd%l%ZOIS suggests a return to stronger volume scattering, likely due to new snow
deposition hence the downward movement of ice lenses (Rennermalm et al., 2021).

mewm@mmm 2019eevefeé+he&ee4;4&b%beyeﬂd+he~l\4ee}%9&
in-, LeW experiences another minor
drop of about L m, which coincides with the early melt observed in April and May 2019 (Tedesco and Fettweis, 2020) and the
strong melt events between June and December 2018 that reduced volume scattering Between 2019 and 2023, LeW increases
and decreases alternately occur over the northern and southern parts of the interior of Greenland.

Figure 3b compares the non-melt season average LeWs of each year with the 2010 non-melt season average, highlighting
long-term variations relative to the extreme melt year of 2012. All years show a negative difference in the interior to western
side of the ice sheet, except for the difference between 2010 and 2011, indicating that after the 2012 melt, LeW does not fully
recover, It remains approximately 1.5 m below 2010 levels in the centre-west of the ice sheet. The area with negative values
(i.e. no LeW recovery since 2012) shrinks between 2013 and 2018, expands again in 2019, remains stable until 2021, and
recovers again until 2023,

When combining Figs. 3a and b, a notable recovery in LeW since 2012 is evident. Qur interpretation of the LeW patterns
suggests that in the region that shows this reduction-recovery pattern, the snow was initially dry before the 2012 melt, resulting
in LeW patterns dominated by large volume scattering, The 2012 melt and the subsequent refreezing reduced volume scattering,




a
(@) 2011-2010 2012-2011 2013-2012 2014-2013 2015-2014 2016-2015 2017-2016 ALeW [m]
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Figure 3. Upper:—dz—computed-by Rutishauseretak (2624, tower-teW-(a) Changes in non-melt season (October—April) average LeWs

between successive seasons, and (b) changes in non-melt season average LeWs for the eorrespondingtime-of-acquisttion—as—dzseasons
2011-2023 relative to the 2010 non-melt season average. Fhe-background-is-Years refer to the Hem—<t+kmDEM-fromHelm-etal(26+4a,b)-

foeusing-on-Greentandstart of each non-melt season.
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with-the-elevated-firn-densitiesshown-in-Figurecausing a drop in LeW. LeW gradually recovered as the refrozen layer was

buried, leading to the restoration of volume scattering. However, this recovery can be interrupted by more recent and frequent
480 melt events, depending on the specific region. This interpretation can be supported by in situ measurements shown in Fig. 1.

Atdoeationssuch-as-N2B06, EGRIP-andTH2thin(approximately-0-t—m)-In most of the in situ firn profiles acquired after

2012, an elevated firn density (> 500 kg m”?) can be observed between 0.4 m and 5 m depth, depending on the time and

location of the acquisitions. Typically, if the acquisition time of the in situ measurement is closer to the 2012 melt event (e.g.

the Schaller et al. (2016a) acquisition), the high-density =2 i i
485  2647-layer is shallower.

4.2 Assessment-Effects of the-eontribution-of surface seattering-to-roughness (changes) on LeW variations(changes)

The comparison of the-eW-and-LeW and wavelength-scale surface roughness time series between 2013 and 2019 -shewn-in

Figures4a-and-e;revealsa—elear(Figs. 4e and g) reveal a clear spatial correspondence between these twe-variables. Zones
of high surfaceroughness—(greater—than—6->+0="roughness (> 6 x 10_* m) coincide with elevated LeW values (greater
490 than-9> 5 m) around pixels C and D. The region south of pixel C corresponds to Fig. 4 of van den Broeke et al. (2023),
where the modelled melt extent exceeds +0-kg-#n—24r—L10 kg m 2 yr~!. Similarly, in Figures4b-and-dFigs. 4f and h, re-
gions with high LeW (greater-than+4> 7 m) are associated with increased wavelength-scale surface roughness (greater-than
8x19=1> 8 x 10~* m) at elevations below 1800 m.
We also compare the spatial LeW variations with macro-scale roughness where the wavelength-scale surface roughness data

495 are not available, Figure 4e-demonstrates-that-the-spatial-variation-in-topography-i shows that macro-scale surface roughness
follows a similar pattern to the-LeW (Fig. 4ae) with a hlgh standard deviation of elevation per grld cell (greaterthan56> 50 m)

around pixel D

mmdecmases with increasing elevation, a-trend-that-mirrors-mirroring the LeW
pattern in Figure-4bFig. 4f, where LeW generally increases as elevation decreases.

500 Fhis-The aforementioned combined analysis of WWMW@WMW&W%WE
surface roughness indicates that, spatially, LeW tends to in
eomplex-be higher in areas with increased roughness. Figures 4a—d investigate how the melt-refreeze events and the subsequent
snow deposition affect the temporal variations in LeW and wavelength-scale surface roughness (the macro-scale roughness is
temporally invariant in our study). Figures 4a and b show a generally increasing LeW following the 2012 melt event, both in

505  regions north of pixel C and in elevation bands higher than 2000 m. On the contrary, the wavelength-scale surface roughness
varies rather arbitrarily. Among all the investigated pixels along the north—south transect, the temporal correlation coefficients
between LeW anomalics and wavelength-scale surface roughness anomalies vary between -0.67 and 0.46. Among the ten
elevation bands, the correlation coefficients vary between -0.12 and 0.26. Both sets of the correlation coefficients indicate low.
temporal correspondence. This comparison shows that the snow deposition following the melt-refreeze events mainly effects

510 the LeW by affecting volume scattering, while the surface scattering temporal variations play a minimal role in LeW temporal
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Figure 4. (a),(c),(e),(g),(i) LeW anomalies, wavelength-scale surface roughness anomalies, LeW, wavelength-scale surface roughness (rep-
resented by surface root mean square (RMS)-height in unit of metres), and vartability-of-the-topegraphy-macro-scale roughness (repre-
sented by the standard deviation of ArcticDEM per 5610 km pixetcell) along the north—south transect, respectively. A-D correspond to

the inspected pixets-grid cells highlighted in Fig. 1. (b),(d),(f),(h),(j) LeW anomalies, wavelength-scale surface roughness anomalies, LeW,
wavelength-scale surface roughness, and topegraphy-macro-scale roughness grouped by the +6-ten elevation bands, respectively. Orange
Grey colour indieates-in (a), blue colour in (e), and yellow colour in (¢) and (g) indicate that the data are not available.
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4.3 Assessment-ofcorrelation-Correlation between LeW and Axlaser-radar height offsets
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Figure 5. (a) Map of correlation coefficients between Af-and-LeW and Ah. (b) Corresponding map of p-values offor the correla-

tion coefficients between Ah—and-LeW and Ah. The background is the 1 km x1 km DEM-from—Hehmetal-(2014ab)foeusing-on

GreentandArcticDEM. (c) Histogram—2D histogram showing the relationship between all LeW and Ah data points, with point densit
estimated using a Gaussian kernel (Weglarczyk, 2018). (d) Histograms of eerrelation—eoefficients—when—all correlation coefficients are
constdered-in-(blue;-) and swher-onty-statistically significant correlation coefficients are-considered-(p-vatue<-6-05)1inp < 0.05, orange).

Figure 5 presents the correlation coefficients between the LeW and Ak andd-eW-time series for each 25km><2510 km x 10 km
grid cell. Overall—within-Across the CryoSat-2 LRM eoverage; LeW-and-Af-exhibit-a-generallyzone, the two parameters

enerally exhibit a positive correlation, with a median value of approximately 0-3-The-histogram-inFigure Se-furtherhighlights

Ahteand a

O pa O arg Al appry o—a o160 O p—vart O0—10€H

en-pixels—with-high-significance;the-0.0. Fig. 5b shows, however, that most correlation coefficients at the margin of the LRM
zone are not significant (p > 0.05). Excluding them has minimal effect on the median correlation coefficientinereases-to-0:4;

it remains around 0.6. The lower correlation and significance towards the margins can likely be attributed to highersurface

demeonstrated-earhierin-Seetion4-2-the compromised performance of ICESat-2 elevation measurements due to the large slopes
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rough surfaces (Smith et al., 2023c¢) and scattering biases in the low-elevation regions (Smith et al., 2018). These biases can be

ropagated to the derived Ah, which may not properly indicate volume scattering variations.
The positive correlation betweeneW-and-Afr-suggests that as LeW increases, the penetration-depth-of CryoSat-2laser-radar

height offset also increases, indicating a rise in volume scattering. However, the correlation coefficients remain-below-0-5-do
not exceed 0.9 overall. This aligns with the findings of Nilsson et al. (2015), which showed that LeW was more sensitive to
ice-lens formation and volume scattering variations than Ah. NeverthelessTherefore, LeW was used as an indirect parameter

to assess volume scattering, particularly when ICESat-2 data were not available.

4.4 Assessment-ofinter-annual-LeW variations versus model-derived firn property variations

Figure Ad-shews-the-6 shows the anomalies in monthly mean LeW, MAR density, IMAU-FDM density, and nermalised-FAC

time series along the transect highlighted in Fig. 1 —The-mest-significant-(the absolute time series of these parameters are

rovided in Fig. A1). The most pronounced reduction in LeW (by 1-3 m compared to the non-melt season of 2010-2011) in
Fig. A1+6a aligns with the sharp decrease in 2012, also shown in Fig. 3.
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Figure 6. Menthly-Anomalies (with respect to the mean between October 2010 and April 2011) in monthly mean LeW, daily-MAR density
of the iith 1.5 m of spowfirn, +0-day-IMAU-FDM density of the top 1.5 m of firn, and IMAU-FDM firn air content (FAC) time series

per pixel along the transect visualised in Fig. 1. The FAC time series are normalised with respect to the long-term mean of each pixel. The
y-axes refer to the distance from the northernmost pixel. Arrows indicate the inspected pixels A-D. LargeleW-deereases-with-respeetto
the-previous-month-Grey colour in (exeeeding-6-5-ma) £ pi - 8

values that are not available.
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In-the-Along the investigated transect, in the pixels north of pixel C, the-monthly-meanteW-is-generally-high-(above-8-m)
before-a clear recovery in LeW can be observed after the 2012 melt event‘aﬁeﬁwhfehﬂ{—&bﬂqeﬂydfqmme“%ﬁ—aﬂd—gfad&aﬂy

In the pixels south of pixel C along the transect, the monthly mean LeW since 26++-2010 does not show significant-anomalies

notable anomalies (e.g. reduction by 1-3 m compared to the non-melt season of 2010-2011, as observed for pixels north of pixel
V)hrelated to melt events (Flg A2b) These pixels e%pe&e%&%%@;%recurrent melting each year ;-as-indicated

—(Fig. A2b) and higher snow accumulation rate (Fig. A2d). However, moments of LeW reduction can be
observed in summer 2018, 2019, 2021 and 2023, corresponding to the high meltwater production and refreezing (> 5 mmWE
er month) in Figs. A2b—c.

Flgure A%%hews—thew&&aﬂeﬁ&mmemm in LeW, MAR density, IMAU-FDM density, and IMAU-FDM FAC

between September 2010 and September

2024 for different elevation gfeup&bands the absolute time series are shown in Fig. A3). In the low-elevation regions (below
18661600 m), the LeW remain

deﬁ%ffyﬂfrvarlatlon does not show a regular temporal pattern. On the contrary, these low-elevation areas alse—remains-higher

e-demonstrate more notable seasonal

variations in density and FAC (large density increases and FAC decreases in June) compared to other elevation bands. These
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Figure 7. Time-Anomalies (with respect to the mean between October 2010 and April 2011) in time series of monthly mean LeW, daily
density from MAR, 10-day-resolation-density from IMAU-FDM, and nermalised-FAC from IMAU-FDM, grouped by a down-sampled

(gridded) DEM.
e), with the original 1 km x 1 km Hehnet-al+2044b)y-BEM-ArcticDEM as background.
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density increases

season—and FAC decreases coincide with the annual melt season (Fig. A4b—c).
Above the 8661600 m elevation, a reduction in LeW is observed across all elevation groups-bands following the 2012 melt

in regions above 22062500 m. This LeW reduction in mid-2012 corresponds to the widespread-extensive melting, increased
densities in both MAR and IMAU-FDM models, and a decline in nermatised-FAC. Smaller increases in density and decreases
in FAC were also observed in mid-2015, mid-2016, and mid-2019 above 1800 m, with a slight decline in LeW during mid-2015,
mid-2016, and mid-2018.

From the time series, we also observe that in the 1800 m—2200 m range, the LeW recovery rate is faster than in regions above

event. The largest reduction is approximately 2 min

2200 m (approximately 0.6 ##-4#—-m yr ! versus 0.2 #y#=m yr_!). By spring 2018, in areas above 1800 m, the LeW had
nearly returned to pre-2012 levels (about 1 m lower). However, it temporarily dropped in mid-2018 by about +-50.5 m and has
sinee-fluetuated-around-thatdevelexperienced another recovery process. This trend is consistent with the observations in Fig. 3b.
Notably, our time series indieates-indicate that aside from the well-documented 2019 melt event (Tedesco and Fettweis, 2020)

(characterised by density increases and FAC decreases), a ehange-in
to-a-slight decrease in LeW above 2200 m has been observed in mid-2018, suggesting reduced volume scattering. However,

unlike other events, the LeW decrease in mid-2018 does not correspond to a density increase or FAC decrease in the models.

Finally, both MAR and IMAU-FDM densities demonstrate an annual cycle, while LeW does not show a pronounced annual
pattern. This difference could be explained as follows. The annual density increase may not be caused by the melt and refrozen
layers, therefore does not sufficiently cause a reduction in radar volume scattering hence a reduction in LeW. Therefore, LeW.
may only react to the strong melt-refreeze events.

Finally, Fig. 8 displays the anomalies in monthly mean LeW between 2010 and 2024, and the annually mean IMAU-FDM

density and nermalised-FAC time series from 1961 to 2020 for different elevation groups;-alengside-CryoSat-2leW-datafrom
the-past-deeadebands. This comparison aims to determine whether the changes in volume scattering observed in CryoSat-2

LeW show a recent instability in Greenland’s firn.

FACbeloew22001n the past decade, the firn density of the upper 1.5 m is notably higher (up to 50 k. m‘S) than that in the past.

FAC below 2000 m dropped stgnifieantly-considerably compared to earlier periods.tn-eontrast, FAC-values-above-2200-min

MMMM\#MM%MQOZO FAC experienced
shight-drops and recoveries that correspond to the LeW pattern between 2012 and 2018, followed by another decline between

2018 and 2020, which also aligns with LeW trends. However, in these elevation bands, the FAC level overall remains at the

same level as the FAC level before 1980. Therefore, we cannot yet conclude that the firn layer above 2000 m elevation has
experienced fundamental altering in the past decade.
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5 Discussion

This study explores the capability of using LeW derived from CryoSat-2 waveforms to assess the spatial and temporal variations

of the-volumeseattering-properties-of-firn in Greenland -

by melt_refreeze events. By first showing the yearly revolution of LeW, we demonstrate that LeW can successfully capture the
strong melt events such as in 2012, 2019 and 2021, It also demonstrates the recovery of the firn layer due to the deposition of
new snow, which is consistent with the observation and prediction from Nilsson et al. (2015).

Hewever-outside-Outside of the central dry snow zones, LeW is less-effective-in-tracking-melt—refreeze proeessesconstantly
high, as surface features such as roughness and topography begin to dominate its variabilityspatial variability (also noted
by Ronan et al. (2024)). This was confirmed through comparisons with ArcticDEM, firn models, and the data from Scan-
lan et al. (2023)—Fo-further-validate-, where a high LeW spatially corresponds to a high wavelength-scale and macro-scale
surface roughness. To distinguish whether the temporal variations in LeW are also caused by surface roughness, we derived the
temporal anomalies in LeW and wavelength-scale surface roughness with respect to their mean between 2013 and 2018 (due
to the spatial variations, the temporal variations in
LeW are independent of variations in surface roughness. It is important to note that this experiment has not yet considered the
temporal variability of macro-scale roughness, as it is derived from the static ArcticDEM data. Future studies are encouraged to
time.

To further investigate LeW as a measure of firn volume changes, we compared it with EryoSat-2-penetration-depthlaser-radar
height offsets (calculated as the height difference between ICESat-2 and CryoSat-2). Overall, the relationship is similar to

the conclusion of Michel et al. (2014), who proposed a linear function between LeW and penetration depth in flat regions of
Antarctica. Our study, although not explicitly defining a “flat” region, delineated the interior of Greenland where the correlation
between LeW and penetration-depth-laser-radar height offsets is positive (around 6:30.6) and is significant (p < 0.05). By

istinguishing-areas-where-LeW-is-dominated-by-volumeseattering fronm-those-dominated-by-surface-seatteringln this region,
it is most probable that the temporal LeW variations can be caused by variations in volume scattering. Therefore, our study

provides a valuable framework for understanding firn response to melt events across different regions of Greenland.
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This study is the first known demonstration of a Greenland-wide (within the CryoSat-2 LRM data coverage) LeW time series
analysis, supported by two different firn models. The time series between 264+-and-2621-2010 and 2024 show that the 2012
melt event had a more prolonged impact than any other following melt events, resulting in a reduction in LeW that persisted
until 2018, especially over the central-west Greenland. Recurrent melt events since 2018 have interrupted the firn recovery that
was expected by Nilsson et al. (2015), underscoring the importance of monitoring these processes over long timescales. These
findings highlight the value of CryoSat-2 LeW in assessing post-melt firn evolution, particularly at higher elevations.

When observed over a longer time scale (between 1960 and 2020), firn models indicate that the most pronounced firn
changes, such as increases in density and decreases in FAC, occur below 18661600 m elevation. At these lower elevations, LeW
changes are less pronounced, shewingonly-a-2-mreduetion-not showing any clear temporal pattern compared to the mean LeW
over the non-melt seasons between 2010 and 2011. In contrast, at elevations above 22502000 m, LeW is comparably sensitive
to the long-term effect of refreezing layer as FAC and density, while exhibiting higher sensitivity in 2018. This sensitivity
suggests that LeW data could play a crucial role in refining firn models, especially for higher elevations, where existing models
may underestimate the impacts of melt events on volume scattering.

Our findings indicate that in southern and low-elevation regions of Greenland, where surface scattering dominates and melt
events are more frequent, LeW is less effective in capturing firn changes. Future studies could address these limitations by
incorporating additional altimeter-derived parameters such as trailing edge slope (TeS), waveform peakiness, and backscatter
coefficients, which are more sensitive to surface scattering processes (Nilsson et al., 2015). These parameters, combined with
LeW, would offer a more complete picture of surface and volume scattering interactions.

To better simulate the complex contributions of surface and volume scattering, radiative transfer models (Adodo et al., 2018;
Larue et al., 2021) can be employed. These models, when taking into account the varying viewing geometry of the satellite,
can enable more accurate representations of how melt-refreeze processes (characterised by varying temperature, firn density,
microstructure and grain size) impact firn properties.

The ongoing ICESat-2 mission should also continue to provide the opportunity to derive-indicate Ku-band radar penetra-
tion depthabilities, which also allows to continuously monitor changes in sub-surface-subsurface firn due to melt-refreeze
processes. This could complement CryoSat-2 data, offering a higher-resolution view of firn structure over time. Additionathy;
eombintrg-Combining radar altimeter data from different frequencies can also help derive volume scattering information from
different subsurface layers;-assuggested-by-Adodo-et-al(2618); Otosaka-et-ak+(2020);. According to Lacroix et al. (2008) who
compared waveform parameters from S-band and Seantan-et-al-(2023)—This_Ku-band radar altimeters, the impact of surface
scattering as well as from snow grain size decreases with an increasing radar frequency. According to Scanlan et al. (2023)
who derived firn properties using both Ku-band and Ka-band radar altimeters, radar altimeters operating in a lower frequency
are sensitive to firn densities at a larger depth. For future dual-frequency radar altimeters, e.g. the Copernicus Polar Ice and
Snow Topography Altimeter (CRISTAL,) mission which operates in both Ku- and Ka-bands (Kern et al., 2020), the different
penetration abilities and sensitivities to firn properties offer the potential of a multi-layered analysis approach. For a higher
frequency such as Ka-band, the penetration depth is smaller, hence we expect a quicker recovery of LeW after a melt event
than that of Ku-band. This different recovery rate can help future studies to locate the subsurface refrozen layers and derive
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accumulation rate. Such a multi-layered approach can be particularly useful in regions where surface and volume scattering
overlap, offering more nuanced insights into firn changes.

To enhance future firn studies, LeW data can be integrated into firn models to improve predictions of melt impacts on volume

scattering, particularly at higher elevations. Although not presented in this study, the up-to-date Goddard Space Flight Center
and by guantitatively deriving firn properties with radiative transfer models. By using interdisciplinary approaches, we can

deepen our understanding of how melt events affect firn properties over the long term, improving our ability to predict future

ice sheet dynamics.

6 Conclusions

This study explored and demonstrated the possibility for using the LeW derived by CryoSat-2 to assess spatio-temporal changes
in Greenland firn status caused by mel—refreezing-melt—refreeze events. While previous studies indicated a recovery pattern
in LeW when new snow is deposited on top of the refrozen layers, our study further investigated whether this process can be
observed with the help of LeW time series. Our analysis showed that the recovery speed can be related to the elevation and new
snow deposition. However, the recovery is hampered by more recent melt events (although not as severe as the 2012 event). In
central-west Greenland, the LeW never recovered to the pre-2012 level; in regions where LeW managed to recover, new melt
events resulted in new LeW reductions, which indicates a reduction in volume scattering hence a reduction in its capacity to

store meltwater. Such alternation can also be confirmed using the long-term time series, which showed a decreasing LeW, an

elevated density and a decreasing FAC in recent decades. This-correspondence-between-the reduction-in-volume seattering-and

Finally, this study has demonstrated the reliability and limitations for using LeW from radar altimeter to understand the
melt—refreeze processes and the subsequent volume scattering variations and-asseetated-firnproeessesin Greenland firn, paving
the way for the study of sub-surface-subsurface firn processes in a changing climate. The use of a combination of CryoSat-2 and
ICESat-2 height measurements can also contribute to the study of Ku-band penetration depth-ability hence volume scattering

variations induced by melt-refreeze events.

Code and data availability. Software for the in-house processing of CryoSat-2 data from L1b to L2 is available on request from Cornelis
Slobbe. The MAR datasets are available on request on http://ftp.climato.be/fettweis/MARv3.14/Greenland/. The IMAU-FDM datasets are
available on request from Max Brils. ArcticDEM is provided by the Polar Geospatial Center under NSF-OPP awards 1043681, 1559691,
and 1542736. The DEM of Greenland used for result visualisation is provided by Helm et al. (2014a, b) under license Creative Commons
Attribution 3.0 Unported. The CryoSat-2 L1b and L2I data are provided online by ESA and the ICESat-2 L3A data are provided online by
NSIDC (https://nsidc.org/data/atl06). The surface roughness data is available on https://doi.org/10.11583/DTU.21333291.v1.
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Appendix A: LeW and MAR melt, refreeze and total snow height time series

Figure Al shows the absolute time series of LeW, MAR density and IMAU-FDM density, and the normalised IMAU-FDM
FAC with respect to the long-term mean, along the north—south transect shown in Fig. 1. Over Greenland, FAC increases with
elevation and exhibits substantial spatial variability, ranging from approximately 0 m at the ice sheet margins to over 20 m in
the interior. However, when juxtaposing FAC over the entire study area, spatial variations are pronounced, whereas temporal
variations are more subtle. To enhance the temporal signal relative to spatial variation, we subtract the long-term mean of each
pixel (using the same grids as the resampled CryoSat-2 LeW) from the time series. Finally, monthly mean density and FAC are
computed to align with the CryoSat-2 time series.

Figure A2 illustrates the time series of monthly mean LeW, MAR meltwater production, meltwater refreezing and accumu-
lated total snow height change along the transect highlighted in Fig. 1. The meltwater production and refreezing correspond
to the density increases in Fig. Alb. Figure A2a indicates that the overall decrease in LeW in 2012 corresponds to both the
extensive meltwater production as well as refreezing. Furthermore;-a-A slight LeW decrease in mid-2019 between pixels A and
C also corresponds with the meti—refreezing-melt-refreeze event. By comparing Fig. A2a and Fig. A2d, we notice that rerth-of
pixel-B-shews-pixels between pixels A and B show a slower LeW recovery than between pixels B and C, which corresponds to
a lower cumulative total snow height change (i.e spewfall-aceumulation-from-the-12th-ef-snow accumulation) since the melt
event in July 2012. However, around pixel B. the LeW recovery between 2014 and 2018 is higher that that between pixels A
and B, despite a lower snow accumulation. This may be attributed by the difference in properties and structures of the upper

Figure A3 shows the absolute time series of LeW, MAR density and IMAU-FDM density, and the normalised IMAU-FDM

FAC with respect to the long-term mean, grouped by the ten elevation bands. Similarly, we present the time series per elevation
group-band in Fig. A4. The melt-refreeze patterns correspond with the density increases in Fig. A3b. However, differently from

Fig. A2a and Fig. A2d, Fig. Ad4a and Fig. A4d do not show a high correspondence between LeW recovery and total accumulated
snow: the total accumulated snow height from +2-July 2012 shows the highest increase between 2014 and 20212024 at around
2400 m elevation, while the fastest LeW recovery occurs between 1800 m and 2200 m. This discrepancy could be attributed to

the significantly larger snow accumulation in the South of Greenland than the North, despite being at the same elevation.

Author contributions. WL, SL and BW designed the study. WL conducted data management, processing, and analysis; produced the figures;
and provided the manuscript with contributions from the other co-authors. SL provided support on data visualisation and analysis. BW
provided expertise for data analysis. CS provided expertise and software for radar altimetry processing and data analysis. XF generated the

MAR outputs. MB generated the IMAU-FDM outputs.
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Figure Al. Monthly mean LeW, daily-MAR surface—meltwater—produetiondensity of the top 1.5 m of snow, dailyMAR—meltwater
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adopta-divergingeolourbarare normalised with respect to enhanee-the eontrastlong-term mean of each pixel. The y-axes refer to the distance
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ixels north of pixel C are labelled. Blue (a) colour indicates the values that are not available. Arrows-indicate-the-inspeeted-pixelsA—D-
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