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Abstract. Sea ice surface roughness plays a critical role in snow redistribution and accumulation; however, the spatial scale 

at which its influence is most effective remains poorly constrained by field observations. During the 15th Chinese National 

Arctic Research Expedition in 2025, synchronous measurements of ice surface elevation and snow depth were conducted 

using a lightweight Global Navigation Satellite System (GNSS) Real-Time Kinematic (RTK) system. Observations were 

collected over multi-year sea ice in the central Arctic north of 85°N, encompassing both level ice and deformed ice regimes. 15 

Multi-scale moving-window analysis revealed a strong scale dependence in the statistical relationship between sea ice 

surface roughness and mean snow depth. The ensemble-mean correlation coefficient reached a maximum at a window radius 

of approximately 7–10 m (r ≈ 0.56), indicating that this scale dominates the coupling between surface roughness and snow 

redistribution. At this characteristic scale, rougher ice surfaces generally corresponded to greater snow depths, reflecting the 

enhanced trapping and retention of wind-blown snow by complex surface topography during wind-driven transport. These 20 

findings provide observational constraints for parameterizing snow redistribution processes on sea ice and offer guidance for 

selecting appropriate spatial resolutions in remote-sensing products aimed at resolving roughness-controlled snow processes. 

1 Introduction 

Sea ice and its overlying snow cover play a crucial role in the Arctic climate system by modulating air–sea heat exchange, 

controlling surface albedo, and influencing the timing of melt onset (Sturm et al., 2002; Webster et al., 2014; Itkin et al., 25 

2017). The spatial distribution of snow depth over sea ice is highly heterogeneous, governed by snowfall input, wind-driven 

redistribution, ice deformation processes, and thermodynamic evolution. For instance, snow tends to accumulate on the 

leeward sides of ridges and other deformed ice features, leading to pronounced contrasts in snow distribution between level 

ice and rough ice (Merkouriadi et al., 2020; Itkin et al., 2023). Field observations consistently show deeper snow in ridged 

and deformed ice areas, whereas snow over smooth, undeformed first-year ice is typically thinner and more uniform (King et 30 
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al., 2018; Nandan et al., 2023). This redistribution pattern directly links snow depth to surface roughness, highlighting the 

need to better quantify the snow depth–roughness relationship. 

However, studying the snow depth–roughness relationship using satellite remote sensing remains challenging. Snow depth 

retrievals, whether derived from passive microwave, active microwave radar, or laser altimetry, have been shown to be 

highly sensitive to surface roughness across multiple scales, ranging from radar wavelengths to floe-scale features such as 35 

ridges and leads (King et al., 2018; Nab et al., 2023). Consequently, relationships derived from remote sensing data often 

reflect signal perturbations induced by roughness rather than the underlying physical mechanisms of snow redistribution. 

This issue also introduces systematic uncertainties in satellite altimetry-based sea ice thickness retrievals (Landy et al., 2020). 

Field campaigns play an indispensable role in advancing observations of snow depth and sea ice surface roughness. For 

example, coordinated observations during the BROMEX (2012) and Eureka (2014) campaigns provided high-resolution in 40 

situ datasets for evaluating Operation IceBridge (OIB) radar-derived snow depth products (Webster et al., 2014; King et al., 

2015; Kwok et al., 2017). These studies revealed strong correlations between snow depth variability and surface roughness 

and found that the spatial correlation length scale of snow depth can be as short as 5–7 m, much smaller than the footprint of 

airborne or satellite sensors (Kwok et al., 2017). This implies that even minor geolocation mismatches caused by ice drift 

between airborne and ground observations may introduce significant biases in rough ice regions, where snow depth varies 45 

sharply (Sturm et al., 2006). For this reason, previous campaigns were typically conducted over landfast ice to minimize 

spatial mismatches due to ice motion. However, landfast ice represents only a limited portion of the Arctic sea ice cover and 

differs substantially from drifting ice in both dynamic and thermodynamic conditions. Therefore, high-resolution in situ 

observations over drifting sea ice are still needed. 

The 15th Chinese National Arctic Research Expedition provided an opportunity to explore new observational approaches. 50 

During this campaign, a high-precision Global Navigation Satellite System (GNSS)-based elevation measurement system 

was systematically deployed at multiple Arctic sea ice stations. By integrating Post-Processing Kinematic (PPK)/ real-time 

kinematic (RTK) positioning systems with snow probes, a comprehensive observation framework at the station scale was 

established. A fixed base station was installed on drifting ice, enabling real-time kinematic (RTK) positioning within a 

reference frame moving with the ice. This setup allows centimeter-level measurements of ice surface elevation, while snow 55 

probes provide elevation data for both the snow surface and the snow–ice interface, forming a consistent dataset of ice 

freeboard and snow depth. To address spatial mismatches caused by continuous ice drift, the RTK measurements were 

conducted within an ice-fixed reference frame, ensuring temporal and spatial consistency among different observations. 

Using high-resolution RTK transect data collected over multi-year ice during the 2025 expedition, this study focuses on: (1) 

developing an integrated RTK-based in situ observation system for sea ice interface elevations; (2) examining the geometric 60 

consistency between ice surface and snow surface elevations; (3) identifying the characteristic spatial scale of ice surface 

roughness; (4) determining the optimal coupling scale at which surface roughness modulates snow depth. By explicitly 

quantifying the scale dependence of the roughness–snow depth relationship, this study aims to provide observational 
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constraints for parameterizing snow redistribution processes over sea ice and to inform the design of spatial resolution in 

remote sensing retrieval products. 65 

2 Observations and Data Processing 

2.1 Instrumentation 

This study employs a lightweight GNSS RTK positioning system for in situ measurements of sea ice and snow surface 

elevation anomalies, as well as snow depth. The system adopts an integrated design, combining the GNSS receiver, antenna, 

communication module, and power supply into a single compact unit (Fig. 1). Its small size facilitates transportation, 70 

deployment, and mobile measurements in sea ice environments. In terms of positioning capability, the system supports 

multi-constellation and multi-frequency GNSS observations, including BeiDou, GPS, GLONASS, and Galileo. This ensures 

stable satellite availability and reliable differential positioning performance in high-latitude regions. Under RTK mode, the 

system can achieve millimeter-level accuracy in both horizontal and vertical positioning, meeting the precision requirements 

for measuring ice surface elevation as well as snow surface and snow–ice interface elevations. 75 

The system supports both base station and rover operating modes. In this study, one RTK unit was deployed as a fixed base 

station on a stable ice surface, drifting with the ice (Fig.1), continuously collecting GNSS data and broadcasting differential 

correction signals to the rover via wireless communication. Meanwhile, a second RTK unit operated as a rover, conducting 

elevation measurements of the ice surface and snow interfaces within the coverage area of the base station (Fig.1). 

Observations were carried out using RTK positioning by installing a base station on drifting sea ice to establish a quasi-80 

stationary local reference frame relative to the ice surface. Within this reference frame, differential positioning between the 

base and rover effectively removes the influence of bulk ice translation and rotation on the positioning results, allowing the 

retrieved elevations to represent the true geometric variations relative to the ice surface. This approach provides an effective 

solution to the spatial mismatch problem caused by continuous ice drift and ensures the spatial and temporal consistency of 

different observational variables. 85 
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Figure 1. Schematic of the snow depth observation system and measurement instruments. The left panel shows the RTK rover, the 

middle panel shows the RTK base station, and the right panel shows snow depth probes of different lengths (0.5 m and 1 m). 

To accommodate varying snow depths, snow probes of 0.5 m and 1 m length were used under different snow conditions and 

were rigidly mounted to the RTK rover during measurements. The probe features a pointed tip at its lower end; by making 90 

contact with the snow surface, it enables precise determination of the snow surface elevation. The probe is then inserted 

vertically into the snow at the same location. When further penetration is no longer possible, this position is assumed to 

correspond to the snow–ice interface, and the corresponding elevation is recorded as the ice surface elevation. Snow depth is 

thus directly obtained as the elevation difference between the snow surface and the snow–ice interface measured at the same 

point. 95 

The snow surface is clearly distinguishable, allowing the pointed probe to accurately determine the snow surface elevation 

upon contact. After measuring the snow surface elevation, the probe is further inserted at the same location until it reaches 

the dense ice layer, which is identified by a distinct increase in mechanical resistance. This point is interpreted as the snow–

ice interface, and the corresponding elevation provides a stable estimate of the ice surface elevation. The tip angle and 

diameter, play an important role in determining penetration performance and positional stability during insertion into snow 100 

and ice layers. Tests of the probe geometry indicate that a probe with a diameter of 10 mm and a tip angle of 30° provides an 

optimal balance between penetration capability and positional stability under snow conditions. This configuration enables 

effective penetration through unconsolidated snow while producing a distinct and repeatable mechanical response upon 

contact with the ice surface, thereby ensuring reliable identification of the snow–ice interface.  

Because both the snow surface and snow–ice interface elevations are measured at the same location within the same 105 

reference frame, systematic biases associated with instrument switching or spatial misregistration are effectively avoided, 
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improving the consistency and reliability of snow depth estimates. In addition, the RTK system used in this study is 

equipped with an inertial measurement unit (IMU) for tilt compensation. The tilt-compensation capability ensures that the 

retrieved elevations are not affected by probe inclination during insertion. This capability is particularly important in snow-

covered environments, enabling greater operational flexibility and higher observational efficiency without compromising 110 

measurement accuracy. 

 

2.2 Field Observations 

The field data used in this study were collected during the 15th Chinese National Arctic Research Expedition in 2025 (July 6 

– September 26). Observations were conducted in the central Arctic, with the study area located north of 85°N in a region 115 

dominated by multi-year ice. The sea ice in this area exhibits well-developed surface morphology, characterized by 

pronounced roughness and distinct snow redistribution patterns. Based on in situ ice core drilling measurements, the sea ice 

thickness at the observation sites ranges from 1.2 to 1.8 m, which is representative of typical summer multi-year ice 

conditions. A total of nine observations were conducted at five ice stations during the campaign, including four short-term 

stations (nice0201, nice0301–0302, nice0401, and nice0601–0602) and one long-term station (niceL01–niceL03). The short-120 

term stations lasted several hours each, while the long-term station was maintained continuously for 7 days. In total, nine 

RTK transects were collected. The spatial distribution of these stations is shown in Fig. 2.  
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Figure 2. Schematic map showing the spatial distribution of the observation sites.  

The operational procedure is as follows: 125 

1). At the beginning of each survey, an RTK base station was installed at a selected stable ice location to ensure secure 

deployment and proper system initialization. The base station connected to GNSS satellites, establishing a precise reference 

frame. 

2). The RTK rover was then linked to the base station, continuously receiving real-time differential correction signals via the 

internal radio link. Elevation measurements were initiated once a fixed solution was achieved. 130 

3). At each sampling point, a snow probe of known length was first brought into contact with the snow surface to record the 

snow surface elevation. The probe was then inserted vertically at the same location until reaching the snow–ice interface, 
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where the corresponding elevation was recorded. The difference between these two measurements was used to compute 

snow depth. 

An overview of the field observations is shown in Fig. 3. 135 

 

Figure 3. (a) The research vessel Xuelong 2 at the long-term ice station. (b) Deployment of the survey transect by field personnel. (c) 

Initialization of measurement equipment. (d) Measurement points recorded after completion of field observations. Photographs by 

Chenshuai Wei and Honggen Wang and Jie Su. 

At each ice station, RTK survey transects were designed along representative directions to obtain continuous, high-precision 140 

elevation measurements of both the ice surface and the snow surface. Transects typically extended from relatively level ice 

areas to ridges and their slopes, thereby capturing a range of surface morphologies and spatial scales. A non-uniform 

sampling strategy was adopted: over level ice, where elevation and snow depth variability are small, sampling intervals were 

relatively large; in contrast, over ridges and slopes, where snow depth variability is significant and closely linked to ice 

surface elevation, higher sampling density was used to ensure sufficient representation across different snow depth regimes. 145 
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The spatial distribution, length, and sampling density of each transect are shown in Fig. 4. Transects are displayed in a local 

planar coordinate system, with transect lengths and geometries varying considerably, reflecting differences in site conditions, 

surface morphology, and accessibility constraints.  

The total observation transect length was 1.84 km, of which 1.47 km remained after quality control and screening of valid 

measurement points. Some stations feature relatively short transects (~22–34 m), whereas others (e.g., nice0401, nice0601, 150 

nice0602, niceL01) extend over hundreds of meters, providing more robust sampling for multi-scale statistical analysis. The 

number of sampling points per transect ranges from 22 to 82, with point spacing between 0.5 m and 4 m, and total transect 

lengths ranging from approximately 22 to 729 m. Overall, more than one thousand paired observations of ice surface 

elevation and snow interface elevations were collected across multiple sea ice stations. 

 155 

Figure 4. Spatial distribution of RTK survey transects at each ice station. Red stars marking the starting points and green circles 

indicating endpoints. The color of the points transitions from purple to yellow, representing the temporal sequence of 

measurements from early to late. 
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2.3 Data Processing 

1) Spatial Pairing and Quality Control 160 

RTK observations were recorded sequentially as point-based measurements containing geographic coordinates and elevation, 

with consecutive records representing the same location due to the “two measurements at one location” snow depth 

measurement approach. Therefore, the first step in data processing involves spatial pairing and quality control. Horizontal 

distances between consecutive records were computed using the Haversine formula. When the horizontal distance between 

two consecutive records was less than 0.1 m, they were considered to represent the same sampling point and grouped into a 165 

single observation pair. This threshold is much smaller than the spacing between adjacent sampling points (0.5–4 m), 

ensuring reliable discrimination between distinct points and repeated measurements at the same location. For each 

observation group, only pairs containing exactly two elevation records were retained. The higher elevation was defined as 

the snow surface, and the lower elevation as the snow–ice interface. The geographic coordinates of the point were taken as 

the average of the two measurements to reduce random positioning errors. Groups that did not meet these criteria (e.g., 170 

single measurements or more than two records) were discarded. 

2)Elevation Profile Smoothing and Snow Depth Calculation 

To reduce high-frequency noise inherent in field measurements while preserving the true morphological variability along 

transects, Savitzky–Golay filtering was applied separately to the snow surface and ice surface elevation profiles. This 

method, widely used in topographic, ice-sheet, snow-depth, and DEM analyses, performs a local polynomial least-squares fit 175 

within a moving window, effectively smoothing noise without significantly altering slope and curvature. A second-order 

polynomial with a window size of five points was adopted, balancing noise suppression and feature preservation. 

To facilitate comparison across transects and eliminate differences in absolute elevation reference, elevations were 

normalized by subtracting the mean ice surface elevation, yielding relative elevation profiles that emphasize along-track 

variability (Fig. 5). Snow depth was defined as the elevation difference between the snow surface and the snow–ice interface 180 

at each sampling point. Based on the smoothed elevation profiles, snow depth was computed point by point (Fig. 6).  

https://doi.org/10.5194/egusphere-2026-4149
Preprint. Discussion started: 15 September 2026
c© Author(s) 2026. CC BY 4.0 License.



10 

 

 

Figure 5. Along-track distributions of ice surface and snow surface elevation anomalies for the nine RTK transects. Each panel 

corresponds to an individual RTK transect (nice0201–niceL03). The x-axis represents along-track distance (km), and the y-axis 

shows detrended elevation anomalies (m) relative to the mean of each transect. The blue curves denote snow surface elevation 185 
anomalies, and the red curves denote ice surface elevation anomalies. 

https://doi.org/10.5194/egusphere-2026-4149
Preprint. Discussion started: 15 September 2026
c© Author(s) 2026. CC BY 4.0 License.



11 

 

 

Figure 6. RTK-derived snow depth profiles. The orange curve represents the snow depth, with the semi-transparent orange fill 

highlighting the spatial distribution of snow cover. The dashed orange line indicates the mean snow depth for each track.  

3 Result 190 

3.1 Snow Depth and Ice–Snow Interface Elevations 

To quantitatively characterize the morphological features of ice surface and snow surface elevation anomalies along the nine 

RTK transects, three metrics were employed: the peak-to-valley range (Ice/Snow P–V), the robust amplitude defined as the 

95%–5% percentile range (Ice/Snow R–A), and the amplitude ratio (Amp Ratio) (Table 1). The peak-to-valley range is 

defined as the difference between the maximum and minimum elevation anomalies along a given transect. The robust 195 

amplitude is defined as the difference between the 95th and 5th percentiles of the elevation anomaly distribution, which 

reduces the influence of extreme values. The amplitude ratio is calculated as the ratio of the robust amplitude of the ice 

surface to that of the snow surface, and is used to quantify the relative magnitude of surface undulations between ice and 

snow. An amplitude ratio greater than 1 indicates that ice surface variability exceeds that of the snow surface, suggesting a 

smoothing or infilling effect of the snow layer on the underlying ice topography. Conversely, a ratio less than 1 indicates 200 

relatively larger variability in the snow surface, which may be associated with local redistribution or wind-driven 
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accumulation effects. A ratio equal to 1 implies that the snow surface variability directly inherits that of the ice surface. 

Across all transects, the peak-to-valley range of ice surface elevation anomalies varies from 0.10 to 0.71 m (robust amplitude: 

0.093–0.47 m), while snow surface anomalies show nearly identical ranges of 0.13–0.70 m (robust amplitude: 0.11–0.46 m). 

These comparable magnitudes indicate that snow surface roughness is broadly equivalent to that of the underlying ice. The 205 

characteristics and scale dependence of ice surface roughness are discussed further in section 3.2. For most transects, the 

amplitude ratio between ice and snow surfaces is close to 1, ranging from 0.86 to 1.20. This suggests that, at the along-track 

scales considered in this study, snow surface morphology tends to reflects the underlying ice topography. Deviations provide 

further insight: ratios below 0.9 (e.g., 0.86) imply a smoothing effect, likely due to preferential snow accumulation in 

topographic depressions; conversely, ratios above 1.1 (e.g., 1.20) suggest an amplification effect, potentially caused by 210 

enhanced snow deposition over elevated features. Overall, while ice and snow surface elevation variations exhibit strong 

consistency, the ratio's deviation reveals measurable differences in surface roughness characteristics across transects. 

 

Table Ⅰ. Track-length-weighted statistics of ice and snow surface roughness and snow depth over different topographic classes 

derived from RTK profiles. 215 

Track Length (km) Ice P-V(m) Ice R-A Snow P-V Snow R-A Amp Ratio 

nice0201 0.02 0.13 0.11 0.10 0.09 1.09 

nice0301 0.02 0.42 0.38 0.33 0.32 1.16 

nice0302 0.03 0.25 0.17 0.29 0.20 0.82 

nice0401 0.16 0.27 0.21 0.26 0.19 1.06 

nice0601 0.24 0.30 0.23 0.33 0.26 0.92 

nice0602 0.75 0.59 0.46 0.58 0.47 0.96 

niceL01 0.19 0.70 0.45 0.71 0.46 0.95 

niceL02 0.02 0.30 0.22 0.29 0.24 0.99 

niceL03 0.03 0.24 0.18 0.24 0.14 1.11 

Mean 0.16 0.46 0.34 0.46 0.35 0.97 

 

Figure 7 further illustrates the correlation between ice surface and snow surface elevation anomalies along the nine RTK 

transects. The results show that, except for a few short transects, most exhibit a strong linear relationship between ice and 

snow surface elevation anomalies, with correlation coefficients generally exceeding 0.96 and all passing significance tests 

(all p < 0.01). This indicates a consistent co-variability between snow surface and underlying ice surface elevation anomalies 220 

at the along-track scale. The nice0201 transect shows a relatively low correlation coefficient (r = 0.547), which is likely 

attributable to its shorter length and limited spatial sampling.  
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Linear regression analysis further shows that the slopes for different transects are primarily distributed between 0.85 and 

1.21. This suggests that the amplitude of snow surface undulations is comparable to that of the underlying ice surface. A few 225 

transects exhibit slopes slightly below or above unity, indicating variability in how the snow layer responds to ice surface 

topography, possibly due to local variations in snow depth, redistribution processes, or differences in transect length. Overall, 

this correlation analysis provides point-to-point evidence that complements the statistical results presented in Table 1. 

 

Figure 7. Relationship between ice surface and snow surface elevation anomalies. Each panel corresponds to one transect, with 230 
blue dots representing point-to-point matched ice–snow elevation anomalies. The red dashed line indicates the least-squares linear 

regression, and the gray dashed line denotes the y=x reference line. The Pearson correlation coefficient (r) and its significance level 

(p-value) are reported in each panel.  
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3.2 Ice Surface Roughness Characteristics 

To quantitatively analyze variations in ice surface roughness across different spatial scales, a multi-scale moving window 235 

approach was applied along each RTK survey transect to calculate local surface roughness. Roughness is defined as the 

standard deviation of ice surface elevation within each window and is calculated along the nine RTK transects. For each 

sampling point along a transect, all valid observations within a specified window radius centered on that point were selected, 

and the standard deviation of ice surface elevations within the window was used to represent the local surface roughness. To 

ensure the robustness of the statistics, only windows containing at least four valid observations were included in the 240 

calculation. 

Figure 8 shows the relationship between the length-weighted mean ice surface roughness and the analysis window radius, 

computed from all survey transects. The results indicate a typical scale-dependent behavior of ice surface roughness. As the 

window radius increases from 2 m to 7 m, the mean roughness rises rapidly from approximately 0.04 m to about 0.065 m, 

representing an increase of roughly 63%. Within this scale range, roughness is highly sensitive to window size, reflecting the 245 

significant contribution of ice surface undulations at these scales.  

When the window radius exceeds approximately 10 meters, the roughness continues to increase but at a slower rate. When 

the window radius is greater than 10 meters, the change in roughness per 1-meter increase in window radius is one-third of 

that observed when the window radius is less than 7 meters. Although the absolute roughness values vary among different 

transects, the overall trend of roughness variation with window scale is similar across transects, indicating that the above 250 

scale-dependent behavior is generally consistent across different surveyed transects. 

 
Figure 8. Scale dependence of ice surface roughness as a function of analysis window radius. The dark blue solid line represents 

the length-weighted mean roughness, the light blue shading indicates the ±1 standard deviation across transects, and the thin gray 

lines show results for individual transects. The red dashed line marks the characteristic scale (approximately 7 m) at which 255 
roughness reaches a relatively stable threshold. 
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To further examine the correspondence between ice surface and snow surface roughness at the characteristic scale, surface 

roughness for both ice and snow was calculated along each transect using a window radius of 7 m. All valid window-based 

estimates were then aggregated for analysis (Fig. 9b). The results show that, consistent with the ice surface elevation 

anomaly (Fig. 9a), there is a strong positive linear relationship between snow surface roughness and ice surface roughness. 260 

The data points are tightly clustered along the regression line, with a Pearson correlation coefficient of r = 0.98, indicating a 

high degree of statistical consistency between the two. 

 

Figure 9. (a) Scatter distribution of ice surface and snow surface elevation anomaly. (b) Scatter distribution of ice surface and 

snow surface roughness computed using a 7 m moving window. The red solid line denotes the least-squares linear regression.  265 

3.3 Statistical Relationship Between Surface Roughness and Snow Depth 

In Sections 3.1 and 3.2, the relationship between snow depth and ice surface morphology was quantitatively examined 

through amplitude ratio and correlation analyses for geometric consistency (Section 3.1), and a multi-scale moving window 

approach to characterize the scale-dependent behavior of ice surface roughness (Section 3.2). The results show generally 

consistent ice–snow elevation anomalies across most transects, with deviations reflecting localized snow redistribution. 270 

Building on these findings, this section further quantitatively evaluates the statistical constraint of ice surface roughness on 

snow depth distribution and examines the sensitivity of this relationship to the spatial scale. Figure 10 presents the variation 

of the correlation coefficient between ice surface roughness and snow depth as a function of the analysis window radius 

(Rw). This analysis is based on seven of the nine RTK transects and adopts an adaptive window strategy, in which the 

maximum window radius for each transect is limited to one-third of its effective length to avoid statistical bias arising from 275 

differences in transect length. The two shortest transects, nice0301 and niceL02, both shorter than 250 m, were excluded 
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from the scale-dependent analysis because their limited effective lengths resulted in insufficient valid moving-window 

samples at larger window radii. 

The correlation curves for individual transects show substantial variability across different window scales, reflecting the 

spatial heterogeneity of local surface morphology and snow conditions. However, from an ensemble-averaging perspective, 280 

all transects exhibit a consistent scale-dependent behavior. Specifically, at small window radii (Rw < 4–5 m), the correlation 

coefficients are highly scattered across transects, and the overall relationship is weak or even inconsistent in sign, indicating 

that results at this scale are strongly influenced by measurement noise, local microtopography, and insufficient spatial 

sampling. As the window radius increases, the correlation between sea ice surface roughness and snow depth strengthens 

rapidly and converges toward positive values across most transects. The ensemble-averaged correlation reaches a 285 

pronounced peak at intermediate spatial scales: the maximum absolute correlation (r = 0.578) occurs at Rw = 8 m, which 

closely matches the characteristic roughness scale independently identified in Section 3.2. As the window radius further 

increases to 20 m, the ensemble-averaged correlation remains stable, suggesting that around 8 m marks the lower bound of 

the characteristic scale at which sea ice surface roughness exerts a significant statistical constraint on snow depth distribution. 

 290 

Figure 10. Scale dependence of the correlation coefficient between ice surface roughness and mean snow depth for the RTK 

transects. The thick blue curve and shaded region indicate the ensemble-mean correlation and standard deviation, respectively. 

The vertical dashed line marks the characteristic spatial scale of Rw = 8 m, and the horizontal dashed line denotes zero correlation.  

Based on the above scale-sensitivity analysis, a window radius of Rw = 8 m was selected to calculate ice surface roughness 

and mean snow depth. Figure 11 shows the relationship between ice surface roughness and mean snow depth across different 295 
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transects at this scale. Surface roughness is defined as the standard deviation of ice bottom elevation within a sliding window 

of Rw, and mean snow thickness is the average snow depth within the same window (minimum 4 points per window 

required). For most transects, snow depth increases with increasing ice surface roughness, exhibiting moderate to strong 

positive correlations (r ≈ 0.3–0.8). This indicates that, at this spatial scale, larger ice surface undulations favor snow retention 

and accumulation, likely due to the enhanced resistance of rough surfaces to wind-driven snow transport. For the two 300 

shortest transects (length < 250 m), the weak or even negative correlations are likely due to limited sample size. Overall, at 

the characteristic scale of Rw ≈ 8 m, there is a well-defined statistical relationship between ice surface roughness and snow 

depth. This scale corresponds to the dominant spatial structure of ice surface roughness itself (Section 3.2), indicating that it 

has clear physical significance. 

https://doi.org/10.5194/egusphere-2026-4149
Preprint. Discussion started: 15 September 2026
c© Author(s) 2026. CC BY 4.0 License.



18 

 

 305 

Figure 11. Relationship between surface roughness and mean snow thickness at the characteristic scale (Rw = 8 m). Each panel 

corresponds to an individual survey track, with track name, number of valid sampling windows (n), Pearson correlation 

coefficient (r), and corresponding p-value shown in the upper left corner. Track length (L) is indicated in the lower right corner of 

each panel. The black dashed line represents the ordinary least-squares linear regression, with the shaded area denoting the 95% 

prediction interval.  310 
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4 Conclusion 

Based on high-resolution GNSS RTK transect observations collected over multi-year ice in the central Arctic during the 15th 

Chinese National Arctic Research Expedition in 2025, this study systematically characterizes the spatial coupling between 

ice surface roughness and snow depth from both geometric and scale-dependent statistical perspectives, and identifies the 315 

key spatial scale at which topography modulates snow redistribution. The results show that snow surface elevation anomalies 

strongly inherit the underlying ice surface topography. While the ice–snow elevation co-variability is strong, deviations in 

amplitude ratio (e.g., 0.82–1.20) suggest localized smoothing or amplification effects due to preferential snow accumulation 

or wind-driven redistribution. 

In the window scale range of 0 to 20 meters, sea ice surface roughness increases with the window size. Among these scales, 320 

a window radius of approximately 7-10 m is identified as the minimum representative scale characterizing the dominant 

topographic structures, as this scale lies precisely at the transition point where sea ice roughness shifts from rapid increase to 

gradual increase. This scale may reflect the typical spatial correlation length of surface undulations over multi-year ice, 

which is also similar to the 5–7 m spatial correlation length of snow depth reported by Kwok et al. (2017). Further scale-

sensitivity analysis reveals that the correlation between ice surface roughness and snow depth reaches a maximum at Rw ≈ 8 325 

m (r ≈ 0.58) and does not increase further with increasing Rw, indicating that this scale corresponds to the minimum 

coupling interval at which ice surface topography most effectively modulates snow redistribution. At this scale, rougher ice 

surfaces are generally associated with thicker snow, reflecting enhanced snow trapping and retention by microtopography. 

At smaller scales, the relationship is more strongly affected by local noise and limited spatial sampling.  

This study also demonstrates that spatial sampling length plays a critical role in the robustness of the roughness–snow depth 330 

relationship. Short transects are insufficient to reliably capture the modulation effect of topography on snow redistribution. 

This finding highlights the necessity of explicitly accounting for the effective scale of surface roughness when developing or 

evaluating snow redistribution parameterizations in sea ice models, rather than relying solely on empirical relationships at a 

single resolution. The characteristic scale identified here provides a practical constraint for roughness-controlled snow 

redistribution processes and offers a physically based reference for the minimum spatial resolution required by remote 335 

sensing products to resolve snow heterogeneity. 

The integrated GNSS RTK-based observation system developed in this study offers a novel approach to sea ice snow depth 

measurements. By deploying the base station on drifting sea ice, a local reference frame that moves with the ice is 

established, and differential positioning effectively removes the effects of ice translation and rotation—solving the spatial 

mismatch problem caused by continuous ice drift. The rigid integration of snow probes with the RTK rover further enables 340 

co-located measurements of snow surface and ice surface elevations within the same reference frame, avoiding systematic 

biases from instrument switching. With millimeter-level RTK positioning accuracy, the system captures ice and snow 

surface geometry at meter-to-sub-meter scales, providing a robust observational basis for quantifying the roughness–snow 

depth relationship and its scale dependence.    
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5 Discussion 345 

The station configuration spans multiple independent multi-year ice regions, providing a representative observational basis 

for analyzing sea ice surface roughness, snow depth, and their statistical relationships. The stabilization of ice surface 

roughness at a scale of approximately 7-10 m implies that roughness statistics at scales larger than this threshold effectively 

represent the dominant topographic units of multi-year ice, whereas roughness at smaller scales is more susceptible to 

microtopography and measurement noise. The close agreement between this characteristic scale and the scale (Rw ≈ 8 m) at 350 

which the roughness–snow depth correlation peaks suggests that snow redistribution processes primarily respond to terrain 

variability at this intermediate scale. This consistency provides independent geometric and statistical evidence for the scale-

dependent control of topography on snow redistribution. 

Most existing sea ice and snow models parameterize snow redistribution using roughness metrics or ridge density, but often 

lack explicit consideration of the appropriate scale of application. The results of this study suggest that defining roughness at 355 

scales significantly smaller than the characteristic scale may overemphasize microscale noise, while defining it at much 

larger scales may obscure the local control of topography on snow trapping through spatial averaging. Therefore, 

incorporating roughness parameters at scales of approximately Rw ≈ 8 m may provide a more physically consistent 

representation of terrain-modulated snow redistribution processes. This characteristic scale also has important implications 

for the design of remote sensing products targeting sea ice surface roughness. If the effective spatial resolution of a retrieval 360 

product is significantly coarser than this scale, it cannot resolve the key roughness elements that control snow redistribution.  

Finally, it should be noted that this study focuses on late-summer multi-year ice conditions in the central Arctic. The 

identified characteristic scale may vary under first-year ice conditions, or different stages of snow evolution. Furthermore, 

due to the relatively short lengths of the RTK transects, this study could not robustly identify two key scales: (1) the upper 

bound of the roughness scale dependence, and (2) the scale at which the correlation between ice surface roughness and snow 365 

depth begins to weaken. Future work integrating longer transects is needed to extend the observable scale range and to 

explore potential scale-dependent behavior across different ice types and seasonal conditions. 
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