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Abstract  20 

Surface crevasses across the Greenland Ice Sheet remain a major source of 21 

uncertainty in understanding mass loss processes, including calving, ice flow, and 22 

meltwater routing. Most previous studies have primarily focused on the two-23 

dimensional characteristics of surface crevasses on the Greenland Ice Sheet, 24 

measurement of crevasse depth, especially from catchment to ice-sheet scale, is limited, 25 

thereby limiting our ability to quantify their impact on ice-sheet stability and surface 26 

hydrology. The ICESat-2 ATL03 data (0.7 m resolution) provide an unprecedented 27 
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opportunity to measure crevasse depths, yet large-scale applications are hindered by 28 

challenges such as massive data volume and noises. Here, we develop an automated 29 

and efficient ICESat-2 method for crevasse depth estimation that rapidly identifies 30 

crevassed regions using a novel roughness index, retrieves signal photons via a 31 

similarity-based weighted density approach, and extracts crevasses for depth estimation 32 

using a local extrema method. A total of 18,775 crevasse locations were detected from 33 

2,286 beams on Sermeq Kujalleq in 2019. The average crevasse depth is 7.20 ± 0.03 34 

m, with depth maxima occurring at approximately 20 km and 10 km inland in the south 35 

and north ice streams, respectively. Crevasses in the northern ice stream are mainly 36 

distributed below 600 m a.s.l, whereas those in the southern ice stream predominantly 37 

occur below 900 m a.s.l. Compared to IceBridge ATM data, the RMSE of crevasse 38 

depths estimated from the ATL03 product is 0.97 m, 5.30 m lower than that from 39 

ATL06. In addition, ATL03-derived depths are approximately 28% and 30% deeper 40 

than those from ATL06 and ArcticDEM. This study enables metre-scale crevasses to 41 

be incorporated into large-scale analyses of ice dynamics and calving, and highlights 42 

the potential of ICESat-2 for large-scale crevasse depth estimation, providing valuable 43 

insights for global crevasse mapping. 44 

 45 

1. Introduction 46 

Greenland Ice Sheet (GrIS) is the second largest ice mass in the world, 47 

contributing about 8.9 mm to global sea-level rise from 2003-2019 (Jones et al., 2021; 48 

Smith et al., 2020). During the past four decades, its mass loss has accelerated six-fold 49 

due to increased surface meltwater runoff and retreat of marine-terminating outlet 50 

glaciers (King et al., 2020; Mouginot et al., 2019; Shepherd, 2020). Understanding the 51 

underlying processes, such as meltwater routing, crevasse propagation, and calving 52 

dynamics, remains critical for predicting future glacier evolution. (Benn et al., 2007; 53 

Berg and Bassis, 2022; Zarrinderakht et al., 2022). Surface crevasses form when local 54 

tensile or shear stresses in ice exceed its strength (Vaughan, 1993), providing a key 55 
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route for delivering surface meltwater into ice bed, and affect ice dynamics by changing 56 

the basal water pressure or weakening basal sediment (Chandler and Hubbard, 2023; 57 

Fountain et al., 2005; Lai et al., 2020). Additionally, propagation of surface crevasses 58 

can result in glacier calving events (Bassis and Ma, 2015; Benn et al., 2007; Berg and 59 

Bassis, 2022; Walker and Gardner, 2019). It is therefore necessary to monitor crevasses 60 

to understand ice motion and assess glacier vulnerability. 61 

Most previous works have focused on the two-dimensional characteristics of 62 

surface crevasses (e.g., length, width, and orientation) and their evolution using optical 63 

and synthetic aperture radar imagery (Colgan et al., 2011; Lampkin et al., 2013; Zhao 64 

et al., 2022). However, crevasse depth is also a key factor influencing glacier stability, 65 

as deeper crevasses facilitate meltwater delivery to the ice bed, potentially enhancing 66 

basal sliding and accelerating ice flow (Colgan et al., 2016). Currently, crevasse depths 67 

have been detected using ground, airborne or satellite remote sensing technologies in 68 

published works, such as ground-penetrating radar (GPR), stereophotogrammetry, and 69 

laser altimetry (Huang et al., 2019; Li et al., 2021; Liu et al., 2014; Ryan et al., 2015; 70 

Wang et al., 2021; Williams et al., 2014). Although airborne and ground-based remote 71 

sensing technologies can detect the vertical structures of crevasses, they are best suited 72 

to very small regions (Huang et al., 2019; Williams et al., 2014). Thus, satellite remote 73 

sensing technologies (e.g., satellite stereophotogrammetry and satellite altimetry) have 74 

been employed to detect crevasse depths across larger regions (Chudley et al., 2021, 75 

2025; Li et al., 2021; Liu et al., 2014; Wang et al., 2021). Satellite 76 

stereophotogrammetry produces high-resolution elevation products for glacier surfaces, 77 

such as the ArcticDEM, from which crevasse depths can be derived (Chudley et al., 78 

2021, 2025). However, generating DEMs from photogrammetry over steep and 79 

complex glacier terrain can introduce errors due to poor image texture and terrain 80 

conditions, potentially leading to failures or underestimation in detecting crevasse 81 

depths, particularly for narrow or small crevasses (Barrand et al., 2009). Satellite 82 

altimetry can directly measure surface elevations. The Ice, Cloud, and land Elevation 83 

Satellite (ICESat) carries the Geoscience Laser Altimeter System (GLAS) (Abshire et 84 
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al., 2005), has been successfully applied to detect depths of large crevasses over 85 

Antarctic ice shelves (Fricker et al., 2005; Liu et al., 2014), but its capability in detecting 86 

smaller crevasses is limited by its low resolution, such as in Greenland. 87 

The Ice, Cloud and land Elevation Satellite-2 (ICESat-2), launched in 2018, carries 88 

the multi-beam micro-pulse photon-counting laser altimeter (ATLAS), with a footprint 89 

size and along-track sampling distance of 11 m and 0.7 m, respectively (Markus et al., 90 

2017; Neumann et al., 2019). Similar to studies monitoring the depths of large crevasses 91 

using ICESat, researchers have also made significant progress in large crevasses and 92 

rifts (with widths exceeding 100 m) detection using the ICESat-2 ATL06 product over 93 

the Amery Ice Shelf, Antarctica (Li et al., 2021; Wang et al., 2021). However, the ~20 94 

m spatial resolution of the ICESat-2 ATL06 product will struggle to detect narrower 95 

crevasses, which are widely distributed over the GrIS (Chang et al., 2023; Herzfeld et 96 

al., 2021; Smith et al., 2019). The ICESat-2 ATL03 product, with a higher resolution 97 

of 0.7 m, provides an opportunity to address this problem. Recently, Herzfeld et al. 98 

(2021) and Chang et al. (2023) have demonstrated successes in detecting narrow 99 

crevasses on the GrIS using a few ICESat-2 ATL03 granules. However, detecting 100 

crevasse depths from the ICESat-2 ATL03 product on a large scale, such as a basin 101 

scale, has not yet been carried out due to the difficulty and time-consuming process of 102 

retrieving glacier surface photons from the large volume of noisy raw data. Quickly and 103 

efficiently extracting crevasses and estimating their depths from the ATL03 product 104 

therefore remains a non-trivial challenge.  105 

This study proposes an automated and efficient method for surface crevasse 106 

extraction and depth estimation based on ICESat-2 ATL03 product in a basin scale, and 107 

maps the crevasse depths on Sermeq Kujalleq in 2019. Firstly, we detect crevassed 108 

regions by designing a novel roughness index, dramatically reducing the data volume 109 

for large-scale glacier-height extraction and crevasse depth mapping. Secondly, we 110 

separate glacier surface signal photons from noise photons for each crevassed region 111 

based on the similarity weighted density of photons. Thirdly, a local extrema method is 112 

employed to extract crevasses and estimate their depths. Finally, we use the proposed 113 
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method to map the distributions of crevasse depths on Sermeq Kujalleq in 2019, and 114 

analyze their spatial characteristics. To the best of our knowledge, this is the first-time 115 

that crevasse depths have been mapped at a basin scale on the GrIS using the ICESat-2 116 

ATL03 product. It provides a new dataset of crevasse depths and a novel solution of 117 

crevasse depth mapping to facilitate further investigation of links between crevasses, 118 

ice dynamics and calving. 119 

2. Study area and data 120 

2.1 Study area 121 

Sermeq Kujalleq (Jakobshavn Isbræ) (SKJI), located in western Greenland (Fig. 122 

1a), is the largest and fastest outlet glacier of the GrIS and drains about 6.5% of the ice 123 

sheet (Joughin et al., 2014; Rignot and Kanagaratnam, 2006). This outlet glacier is 124 

characterized by two ice streams: the south ice stream exhibits heavy surface crevassing 125 

over a length of 80-100 km, with the shorter north ice stream joining ~12 km upstream 126 

from the terminus (Mayer and Herzfeld, 2000). The terminus of SKJI remained 127 

relatively stable during the 1990s, but its ice tongue gradually thinned and retreated 128 

starting in 1997, ultimately disintegrating completely in 2003 (Podlech and Weidick, 129 

2004; Sohn et al., 1998). After the disintegration of the ice tongue, SKJI continued to 130 

accelerate and thin (Joughin et al., 2012). However, influenced by the intrusion of 131 

colder ocean waters, SKJI exhibited notable slowdown and thickening during 2016-132 

2019, accompanied by a reduction in crevasse volume (Chudley et al., 2025; Picton et 133 

al., 2025). This trend reversed thereafter, SKJI accelerated significantly, with the 134 

maximum velocity in summer increasing by 79% (Picton et al., 2025). This rapid ice 135 

motion resulted in dense crevassing, particularly near the shear margins and terminus. 136 

SKJI’s surface crevasses have received less attention compared to its mass balance, the 137 

distribution of surface meltwater and its ice motion (Picton et al., 2025; Shepherd, 2020; 138 

Zhang et al., 2023).  139 

 140 
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2.2 ICESat-2 data product 141 

ICESat-2 generates six laser beams arranged in three pairs. Each pair consists of a 142 

strong beam and a weak beam (Markus et al., 2017; Neumann et al., 2019). ICESat-2 143 

provides standard products at different levels based on different science purposes, 144 

which are available at the National Snow and Ice Data Center (NSIDC, 145 

https://nsidc.org/data/icesat-2). The Level 2 data product (ATL03) provides geolocated 146 

photons with latitudes, longitudes, and ellipsoidal heights. After the processing of the 147 

signal finding algorithm, each photon is assigned a confidence level (signal_conf_ph) 148 

ranging from 0 to 4. In addition, the ATL03 product also provides a photon weight 149 

parameter (weight_ph), which can be used to represent photon density. These two 150 

parameters of photon weight and confidence level can be used as references for 151 

extracting signal photons. However, in crevassed regions, many noise photons are 152 

classified as signal with confidence levels greater than 2, and the weights of noise 153 

photons are sometimes also assigned a high value and are close to those of signal 154 

photons (Fig. 1c and d). Therefore, using only photon weights and confidence levels is 155 

insufficient for accurately extracting signal photons, it is necessary to develop an 156 

alternative method. In this study, we collected 381 ATL03 granules from 104 tracks 157 

over SKJI in 2019, including all strong and weak beams (2,286 beams in total). The 158 

spatial distribution of the granules is shown in Fig. 1b. In total, the dataset contains 159 

approximately 1.6 billion photons, covering a length of approximately 2.9×10
5
km, 160 

which poses a significant challenge for data processing. Therefore, efficiently isolating 161 

crevassed regions is crucial for improving the efficiency of large-scale crevasse 162 

mapping. 163 
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 164 

Figure 1. Study area and datasets. (a) SKJI location within the GrIS. (b) The spatial and 165 

temporal distribution of the datasets. Numbers in the inset represent the number of granules in 166 

each month. (c) and (d) Illustration of confidence photons and photon weights. 167 

3. Methodology  168 

In order to rapidly and efficiently map crevasse depth distribution from the 169 

ICESat-2 ATL03 product at SKJI, we developed an automated method for crevasse 170 

extraction and depth estimation (Fig. 2). Firstly, we retrieved photons from ATL03 171 

granules acquired in 2019 within the boundary of SKJI, as defined by (Mouginot et al., 172 

2019). The retrieved photons were then preprocessed and filtered based on the 173 

confidence levels to remove distinct noises, retaining photons with confidence levels 174 

greater than 1 for subsequent processing steps: 1) crevassed region detection; 2) glacier-175 

height retrieval and surface reconstruction; and 3) crevasse extraction and depth 176 

estimation.  177 
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 178 

Figure 2. Flowchart of the proposed method. 179 

3.1 Crevassed region detection using a novel roughness index 180 

To improve the efficiency of removing photon noises and detecting crevasses, we 181 

first identified regions likely to contain crevasses, thereby avoiding time-consuming 182 

data processing of the ATL03 product over the entire basin. Crevasses are characterized 183 

as depressions with significant elevation differences, while most other glacier surfaces 184 

are relatively flat at a defined scale. Therefore, we detected crevassed regions using a 185 

roughness index, which was defined as a statistic of the residual distance from each 186 

signal photon in a local neighbor to the corresponding glacier trend surface. However, 187 

contamination of signal photons by noise photons in the ATL03 product affected the 188 

calculation of the roughness index in local regions. To address this problem, we rapidly 189 

retrieved possible signal photons based on photon weight (weight_ph) in the ATL03 190 

product, then generated a trend surface to estimate the roughness index approximately. 191 
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First, we detected possible signal photons from the ATL03 products, according to 192 

the assumption that a photon with a larger weight is more likely to be a signal. Photons 193 

with a confidence level >1 in a track of the ATL03 product were split into segments, 194 

with the segment size set to a small length (e.g., 3.0 m). The photon with the maximum 195 

weight in each segment was extracted as a possible signal photon (Fig. 3a and b), and 196 

the extracted possible signal photons in all segments comprised the set 𝑃. There may 197 

still be noise photons in set 𝑃, especially for tracks with low quality, so we removed 198 

obvious outliers by the smoothness of photon elevations between adjacent segments. 199 

When a photon was significantly higher or lower than neighboring possible signal 200 

photons, it was removed from the set 𝑃. 201 

Second, we retrieved the photon with the maximum elevation within a neighboring 202 

range from the set 𝑃, and used these retrieved photons to construct the broad-scale 203 

glacier surface. In this study, the neighboring range should exceed the crevasse width 204 

in SKJI and is set as 150 m. For each 150 m range along the track in the set 𝑃, the 205 

photon with the maximum elevation was extracted as a key trend surface photon (Fig. 206 

3a and b) and designated as set E. The glacier surface was then interpolated by linking 207 

photons in the set E sequentially. 208 

Third, a roughness index was estimated between each two neighboring trend 209 

surface photons in set E to detect crevassed regions. Possible signal photons were 210 

retrieved between each two neighboring trend surface photons from the set 𝑃, and the 211 

residual distances from these possible signal photons to the glacier trend surface were 212 

calculated, forming the set 𝐷 = {𝑑1, 𝑑2, … , 𝑑𝑛}. The roughness index, Rq, was then 213 

estimated according to Eq.(1).  214 

   𝑅𝑞 = √
∑ 𝑑𝑖

2𝑛
𝑖=1

𝑛
                          (1) 215 

where 𝑑𝑖 is the distance from a possible signal photon to the glacier trend surface; and 216 

𝑛 is the number of possible signal photons between each two surface photons. 217 

Following testing (e.g., Fig. 3a and b), we used a roughness threshold 𝑡𝑞 of 1 to 218 

extract crevassed regions at SKJI (Table 1). When the roughness index between two 219 

neighboring glacier trend surface photons exceeded 𝑡𝑞, the range between these two 220 
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neighboring trend surface photons was classified as a crevassed region, and the 221 

corresponding photons within this range were retained for the following steps for 222 

crevasse detection and depth estimation. In this way, crevassed regions were detected 223 

across the entire basin. To ensure that no crevassed regions were missed, we buffered 224 

an additional 300 m of data around the detected crevassed regions.  225 

 226 

Figure 3. Illustration of roughness index calculation for a smooth region (a) and a crevassed 227 

region (b). 228 

3.2 Glacier surface photon extraction 229 

After detection of crevassed regions, we extracted glacier surface photons by 230 

separating signal photons from noises. In our previous work, Chang et al. (2023) 231 

proposed a robust density estimation method for glacier-height retrieval from the 232 

ATL03 product using two strategies: (1) selection of the optimal elliptical neighborhood 233 

for each photon; and (2) development of a hybrid weighted photon density considering 234 

spatial context. To improve computational efficiency for large-scale processing, we 235 

adopted a simplified version of this approach. Specifically, instead of selecting the 236 

optimal elliptical neighborhood for each photon using multi-scale RANSAC, we fixed 237 

the neighborhood size (a=10 m, b=0.7 m; Table 1) based on sensitivity experiments 238 

reported in Chang et al. (2023). Second, the hybrid weighted photon density considered 239 

the smoothness of the glacier surface and the spatial similarity of neighboring photons. 240 

However, the smoothness-based weighted density was affected by complex 241 

morphology with varying scales in crevassed regions, causing a decrease in 242 
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performance. Therefore, we only use the similarity-based weighted density for glacier 243 

surface photon extraction in this study, as defined in Eqs. (2) and (3).  244 

𝑤𝑠𝑚
𝑖 =

1

𝜎𝑠𝑚√2𝜋
𝑒

−
𝑝𝑑𝑖

2

2𝜎𝑠𝑚
2

                        (2) 245 

where 𝑤𝑠𝑚
𝑖   is the smoothness-based weight of photon i , 𝜎𝑠𝑚  is the standard 246 

deviation, 𝑝𝑑𝑖 is the distance of photon i to the fitting line. 247 

𝑓𝑠𝑚(𝑝) = ∑ 𝑤𝑠𝑚
𝑖

𝑖∈𝑁𝑝
                       (3) 248 

where Np  represents the neighboring photons of photon p , and fsm(p)  is the 249 

smoothness-based weighted density of photon p.  250 

After calculation of the similarity-based weighted density for each photon, the 251 

photons within each crevassed region were split into segments, and glacier surface 252 

photons were extracted by an adaptive threshold for each segment. Details about the 253 

similarity-based weighted density and the auto-adaptive threshold for signal photon 254 

extraction can be found in Chang et al. (2023). For each crevasse region, Thin Plate 255 

Spline interpolation (TPS) (Hingee et al., 2019) was utilized to reconstruct the glacier 256 

surface based on extracted signal photons into one-dimensional elevation profile. This 257 

approach reduced the influence of location errors of photons and filled void regions of 258 

missing photons, especially for crevasse sidewalls. A case is shown in Fig. 4. 259 

3.3 Crevasse extraction and depth estimation 260 

Crevasse extraction includes two steps: extracting surface depressions and 261 

identifying crevasses.  262 

Step 1: Extraction of surface depressions. We used a local extrema method to 263 

detect surface depressions within the reconstructed one-dimensional elevation profile 264 

of each crevassed region. First, local extrema points, including minimum and maximum 265 

elevation points, were extracted from the TPS interpolated elevation profile (Fig. 4). 266 

For each minimum elevation point, we found the nearest maximum elevation points on 267 

the left and right, respectively. If the range between the minimum elevation point and 268 
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the neighboring maximum elevation points did not contain any other minimum 269 

elevation points, the range between one minimum elevation point and the two 270 

neighboring maximum elevation points was taken as a surface depression. 271 

Step 2: Identification of crevasses. In addition to crevasses, surface depressions 272 

can also include supraglacial river channels, topographic undulations or others. 273 

Compared to other surface depressions, crevasses are relatively deep compared to their 274 

width. Therefore, the depression depth ( 𝐷𝑐) and depression width ( 𝑊𝑐) were calculated. 275 

The depression depth is defined as the elevation difference between the maximum and 276 

minimum points of a depression feature, while the distance between the two maximum 277 

elevation points is taken as its width, as shown in Fig. 4. The corresponding rules were 278 

established to identify crevasses, as defined in Eq. (4).  279 

{
𝑊𝑐 < 𝑊0

𝐷𝑐 > 𝐷0
                             (4) 280 

where the crevasse width should not exceed the maximum width threshold 𝑊0, and the 281 

crevasse depth should not be shallower than the minimum depth threshold 𝐷0 (Table 282 

1). 283 

 284 

Figure 4. Illustration of glacier surface photon extraction, ice surface reconstruction and 285 

crevasse metric extraction. 286 
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3.4 Evaluation Metrics 287 

To evaluate the performance of crevasse extraction and depth estimation, we 288 

employed two schemes. First, we manually analyzed the ATL03 photon profiles to 289 

validate each key step, including crevassed region detection, glacier surface photon 290 

extraction, and crevasse extraction, and then calculated Precision (𝑃), Recall (𝑅) and 291 

𝐹1 scores, as shown in Eqs. (5)-(7).  292 

𝑃 =
𝑇𝑃

𝑇𝑃+𝐹𝑃
                                    (5) 293 

𝑅 =
𝑇𝑃

𝑇𝑃+𝐹𝑁
                                    (6) 294 

𝐹1 = 2 ×
𝑃×𝑅

𝑃+𝑅
                            (7) 295 

where TP, FP, and FN denote true positives, false positives, and false negatives, 296 

respectively, representing correctly identified, incorrectly identified, and missed 297 

samples. 298 

Secondly, the estimated crevasse depth was evaluated against IceBridge ATM data 299 

acquired on the same day (May 15th, 2019), where Root Mean Square Error (RMSE) 300 

and Coefficient of Determination (R2) were calculated, as shown in Eqs. (8) and (9).  301 

𝑅𝑀𝑆𝐸 =
√∑ (𝑦𝑖−𝑥𝑖)2𝑛

𝑖=1

𝑛
                       (8) 302 

𝑅2 = 1 −
∑ (𝑦𝑖−𝑥𝑖)2𝑛

𝑖=1

∑ (𝑦𝑖−𝑦̅)2𝑛
𝑖=1

                        (9) 303 

where 𝑥𝑖  is the crevasse depth calculated by the ICESat-2 product, 𝑦𝑖 is the crevasse 304 

depth calculated by the IceBridge ATM data, and 𝑦̅ is the average of the crevasse depth 305 

calculated by the IceBridge ATM data. 306 

Table 1. Parameter settings 307 

Parameter Value Description 

𝑡𝑞 1 
The threshold for the roughness index is used to detect 

crevassed regions. 

a 10 m The semi-major axis of the elliptical neighborhood. 

b 0.7 m The semi-minor axis of the elliptical neighborhood. 
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𝜎𝑠𝑚 0.5 
The standard deviation in the calculation of the 

smoothness-based weight. 

𝑊0 150 m The width threshold applied in crevasse extraction. 

𝐷0 3 m The depth threshold applied in crevasse extraction. 

 308 

4. Results 309 

We calculated the spatial distribution of crevasses and their depths across SKJI in 310 

2019 using the ICESat-2 photon tracks and parameter settings shown in Table 1. As 311 

follows, we present the accuracy assessment of each key step in the proposed method 312 

and an analysis of the results. 313 

4.1 Algorithm performance evaluation 314 

We selected ICESat-2 photon tracks acquired between January 2019 and March 315 

2019 to evaluate the performance of crevasse region detection, glacier surface photon 316 

retrieval and crevasse extraction.  317 

4.1.1 Evaluation of crevassed region detection 318 

Results of crevassed region detection from ICESat-2 photon tracks for SKJI in 319 

2019 are shown at Fig. 5a and b, where most of the basin does not contain crevasses 320 

(90.75%), and crevassed regions are mainly distributed at the glacier front. It shows 321 

that the processing of crevassed region detection significantly reduces data volume, and 322 

enhances computational efficiency, which is key for extracting crevasses at the basin-323 

scale. According to the quantitative evaluation results in Table 2, the proposed method 324 

achieves high accuracies, with F1-scores of 0.925 and 0.960 for weak and strong beams, 325 

respectively. More importantly, the recall of the proposed method is close to 1, 326 

indicating that nearly all the crevassed regions are correctly identified, as shown for 327 

two cases in Fig. 5f and g. However, the precision is considerably lower than the recall. 328 

The values of precision only achieve 0.896 and 0.922 for the weak and strong beams, 329 
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which are 0.059 and 0.078 lower than the corresponding recalls. This is mainly because: 330 

1) when calculating the trend surface, if the window is too large, some regions with 331 

steep slopes are treated as crevassed regions, as shown in Fig. 5h; and 2) there are other 332 

glacier features mistakenly detected as crevasse regions, such as supraglacial lakes, 333 

supraglacial rivers and ice cliffs, which also exhibit significant elevation differences.  334 

 335 

Figure 5. Evaluation results of crevassed region detection. (a) and (b) Extracted crevassed 336 

regions, where (b) is the red box in (a). (c) and (d) Results of roughness calculations and 337 
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crevassed region detection for two beams. (e)-(h) Cases of crevassed region detection, where 338 

(e) shows a false negative, (f) and (g) show true positive, (h) shows a false positive. 339 

4.1.2 Glacier surface photon retrieval evaluation 340 

The proposed method can efficiently extract signal photons for complex ice 341 

surfaces, regardless of strong or weak beams, as shown of two cases in Fig. 6a and b. 342 

More specifically, the proposed method can efficiently remove noises (Fig. 6f), and can 343 

preserve the geometric characteristics of surface crevasses well, such as their bottoms 344 

and walls (Fig. 6c-e). Table 2 shows the quantitative evaluation of the results. The 345 

proposed method achieved average F1-scores of 0.929 and 0.900 for strong and weak 346 

beams, respectively. However, the recalls are 0.105 and 0.108 lower than the precision 347 

for strong and weak beams. The main reasons include: 1) an overly large adaptively 348 

estimated density threshold, leading to some signal photons being missed; and 2) 349 

directions of the elliptical neighborhoods for some signals have slight biases when 350 

signal photons are too sparse. 351 

4.1.3 Crevasse extraction evaluation 352 

Figure 7a-f and Table 2 show the evaluation results of crevasse extraction. The 353 

results show that the proposed method can correctly extract most of the crevasses, with 354 

F1-scores reaching 0.863 and 0.894 for weak and strong beams, respectively. Figure 7c 355 

and d show examples of False Positives and False Negatives. False positives may be 356 

caused by small topographical folds on the glacier surface or errors in glacier surface 357 

reconstruction using the Thin Plate Spline. False negatives are sometimes associated 358 

with a smooth and flat bottom of the crevasse (Fig. 7d), making it fail to extract a local 359 

minimum point. 360 

 361 

 362 

 363 
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 364 

Figure 6. Evaluation results of glacier surface photon retrieval. (a) and (b) Results of glacier 365 

surface photon extraction in crevassed regions. (c)-(f) Small scale examples of glacier surface 366 

photon extraction, where (c)-(e) show the geometric characteristics of surface crevasses 367 

retained by the method, and (f) shows that the method performs well in removing nearby noises. 368 
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 369 

Figure 7. Evaluation results of crevasse extraction. (a) and (b) are the crevasses extracted from 370 

the crevassed regions. (c)-(f) are example cases of false positives, false negatives and true 371 

positives. 372 

Table 2. Quantitative performance evaluation for key steps of the proposed method 373 

 

Weak beam  Strong beam 

P R 𝐹1  P R 𝐹1 

Crevassed region 

detection 
0.896 0.955 0.925  0.922 1.000 0.960 

Glacier photon 

retrieval 
0.958 0.850 0.900  0.984 0.879 0.929 

Crevasse extraction 0.846 0.880 0.863  0.877 0.912 0.894 
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4.1.4 Evaluation of crevasse depth and location 374 

IceBridge ATM data were used to validate crevasse depths estimated from the 375 

ICESat-2 ATL03 product, with both acquired on May 15, 2019. A visual comparison 376 

(Fig. 8b) suggests the elevation profile from ICESat-2 shows good agreement with the 377 

ATM data. We manually interpreted all crevasses within the crevassed region in the 378 

ATM data as the reference and compared them to corresponding crevasses derived from 379 

the ATL03 product, as shown in Fig. 8b and c. The R2 and RMSE reach 0.94 and 0.97 380 

m. The minimum and maximum difference between crevasse depths detected by ATL03 381 

and ATM data are 0.06 m and 2.75 m. The results show that the crevasse depths derived 382 

from the ICESat-2 AT03 product are reliable.  383 

In addition to depth validation, we also assessed the accuracy of crevasse location 384 

using Planet imagery. We performed a visual comparison with optical high-resolution 385 

(3 m) Planet images collected over SKJI on May 12, 2019. The corresponding crevasse 386 

locations were derived from ICESat-2 photons of the track gt3l of RGT 666, which was 387 

captured on May 11, 2019. To reduce the influence of ice motion, we applied a shift 388 

correction using the ice velocity product (Solgaard and Kusk, 2022), with a reported 389 

velocity of 2.72 m/day. A visual display of the crevasse locations superimposed on the 390 

Planet image is shown in Fig. 9a. The detected crevasse locations all coincide with 391 

crevasses in the image (bright/dark linear features on the image). To quantitatively 392 

assess the accuracy of the extracted crevasse locations, we manually delineated 14 393 

crevasse centerlines from the Planet image, corresponding to 14 detected crevasse 394 

locations. The residual distances between each detected crevasse location and its 395 

corresponding crevasse centerline in Planet imagery are then calculated (Fig. 9c). 396 

Statistically, all residual distances are less than 7 m, with an average residual distance 397 

of 2.66 m, which is within the positional uncertainty of the Planet imagery (Semple et 398 

al., 2023). Of course, the evaluation accuracy may be influenced by several factors, and 399 

it can only be a reference to demonstrate the effectiveness of the detected crevasse 400 

locations from ICESat-2 photon tracks. For example, crevasses centerlines delineated 401 
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from Planet image may not represent the deepest location of the crevasse, which is 402 

likely to induce some error. 403 

 404 

Figure 8. Comparison of crevasse depths derived from ICESat-2 products and IceBridge ATM 405 

data. (a) Photon track of ICESat-2 and Icebridge ATM point clouds. (b) Elevation profiles and 406 

crevasse detection results from ATL03 and ATM. (c) RMSE and R2 for crevasse depth results 407 

derived from ATL03 product and Icebridge ATM point clouds. 408 

 409 

 410 

Figure 9. Accuracy assessment of extracted crevasse locations based on a 3 m resolution optical 411 

Planet image. (a) Crevasses detected from ATL03 data are superimposed on the Planet image. 412 
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(b) Extracted crevasse locations. (c) Residual distances between crevasse locations extracted 413 

from ICESat-2 and manually delineated crevasse centerlines from Planet image. 414 

4.2 Distribution and depth characteristics of crevasses on 415 

SKJI 416 

In the SKJI basin, we identified 18,775 surface crevasse locations (Fig. 10a) from 417 

104 ICESat-2 ATL03 tracks collected in 2019. Our approach can resolve metre-scale 418 

crevasses, down to 7 m, as shown in Fig. 10b. To minimize the effects of sparse ICESat-419 

2 tracks, we analyzed crevasse density by splitting the glacier basin into 5 km by 5 km 420 

grid cells, and counting the number of crevasse locations for each grid as crevasse 421 

density. Results show that heavily crevassed grid cells are mainly distributed from the 422 

glacier terminus to ~10 km inland along the north ice stream, whereas they extend up 423 

to ~25 km inland along the south ice stream, suggesting stronger extensional stresses 424 

or wider shear margins in the latter. By retrieving elevations of each crevasse location 425 

from the ArcticDEM mosaic (Porter et al., 2023) (Fig. 10a), we find that crevasses in 426 

the northern ice stream are mainly distributed below 600 m a.s.l, whereas those in the 427 

southern ice stream predominantly occur below 900 m a.s.l. In addition, we find that 428 

up to 500 m a.s.l, the number of crevasses gradually increases. From 600 m a.s.l to 700 429 

m a.s.l, the number of crevasses slightly decreases due to the decrease in the number of 430 

crevasses on the north ice stream. Higher than 700 m a.s.l, the number of crevasses 431 

increased again, reaching a second peak around 800 m a.s.l. This bimodal elevation 432 

distribution likely reflects distinct strain regimes near the terminus and further inland. 433 

Because ICESat-2 ground tracks are spatially sparse, our inventory likely represents a 434 

possible estimate of the true crevasses. Nevertheless, the spatial patterns reveal that 435 

surface damage is widespread and persistent, particularly on the south ice stream, which 436 

might have implications for ice flow acceleration and future terminus retreat (Mayer 437 

and Herzfeld, 2000).  438 

The crevasse depth distributions across SKJI in 2019 are presented in Fig. 10a, 439 
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with a statistical analysis in Fig. 11. In 2019, the average crevasse depth is 7.20 ± 0.03 440 

m, and the 90th percentile depth is 13.80 m. To compare the difference in crevasse 441 

depths between the north and south ice streams, we calculated the average crevasse 442 

depth and standard error for each ice stream. Results show that the south ice stream 443 

exhibits deeper crevasses, with mean depths approximately 0.2 m greater than the 444 

glacier-wide average. This may be due to the faster flow velocity of the south ice stream 445 

(Joughin et al., 2012), resulting in increased stress causing propagation of crevasses in 446 

the vertical direction. We split the glacier basin into parallel strips with a width of 5 km 447 

along the ice flow direction from the terminus and assign detected crevasse locations 448 

into corresponding strips. The average crevasse depth for each strip of the two ice 449 

streams is calculated and analyzed, as shown in Fig. 11b. In the north ice stream, within 450 

10 km inland from the margin, the average crevasse depth ranges from 7 m to 8 m. 451 

Between 10 and 25 km inland from the margin, the crevasse depth gradually decreases, 452 

and beyond 25 km, it stabilizes at a relatively constant value (4 m). For the south ice 453 

stream, crevasse depth initially gradually increases, reaching a peak (8 m) at around 20 454 

km. Between 20 and 40 km inland from the margin, the crevasse depth gradually 455 

decreases, and beyond 40 km, it stabilizes at a relatively constant value (4 m). In both 456 

ice streams, standard errors are relatively small near the terminus and gradually increase 457 

inland. This pattern likely reflects the greater heterogeneity of crevasse depths farther 458 

inland, where crevasses are more sparsely distributed.  459 
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 460 

Figure 10. Crevasse extraction results and statistical analysis. (a) Distribution of crevasse 461 

locations and depths, with an inset showing crevasse distribution based on elevation statistics. 462 

(b) Illustration of meter-scale crevasses. (c) Annual histograms of crevasse depth. 463 

 464 

 465 

Figure 11. Statistical analysis of crevasse depths in SKJI. (a) Crevasse depths in SKJI, the south 466 

ice stream, and the north ice stream. (b) Spatial distribution of crevasse depths along different 467 

ice streams in SKJI. 468 

 469 
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5. Discussion 470 

5.1 Comparison with crevasse locations and depths derived from 471 

ATL06 Product 472 

The ATL06 product, aggregated from ATL03 photon data, is generated for land ice 473 

but has a relatively low spatial resolution (i.e., 20 m) (Smith et al., 2019). As such, 474 

narrow crevasses cannot be detected by the ATL06 product, and crevasse depths are 475 

more likely to be underestimated relative to the ATL03 product (Fig. 12c Region A and 476 

B). To further validate the necessity for crevasse depth derived from the ATL03 product, 477 

we compared crevasse detection and depth estimation results for both ATL03 and 478 

ATL06 products over SKJI in 2019.  479 

Figure 12a shows the crevasse depth differences derived simultaneously from the 480 

ATL03 and ATL06 products. For the same crevasses, the depths detected by the ATL03 481 

product are deeper by 2.1 m on average than those detected by the ATL06 product. 482 

More importantly, many narrow crevasses identified by the ATL03 product are missed 483 

by the ATL06 product (Fig. 10 and Fig. 12a). In 2019, 51.8% of the crevasse locations 484 

extracted by ATL03 were missed by ATL06, and the missed crevasses had an average 485 

depth of 6.4 m and a maximum depth of 38.8 m. We also evaluated the accuracy of 486 

crevasse depths derived from the ATL06 product with the IceBridge ATM (Fig. 12b). 487 

Crevasse depths derived from the ATL06 product are significantly underestimated. The 488 

RMSE is 6.27 m, which is significantly worse than that of the ATL03 product. 489 

Compared to crevasse depths derived from the ATL06 product, the accuracy of crevasse 490 

depths derived from the ATL03 product improves the RMSE by 5.30 m. 491 
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 492 

Figure 12. Comparison between crevasse depth estimation results based on ATL03 and ATL06 493 

products. (a) Crevasse depth differences extracted simultaneously by ATL03 and ATL06 494 

products. (b) RMSE for crevasse depth results derived from the ATL06 product and Icebridge 495 

ATM point clouds (acquired on the same day). (c) Photon track of ICESat-2 ATL03, ATL06 496 

and Icebridge ATM point clouds. 497 

5.2 Comparison with crevasse depths derived from ArcticDEM  498 

Elevation products generated by satellite stereophotogrammetry, such as 499 

ArcticDEM, can be used to extract crevasse depths and have already been successfully 500 

applied across the GrIS (Chudley et al., 2021, 2025). However, they are still limited by 501 

several factors, such as the low texture contrast of the glacier surface and the lack of 502 

light at the bottom and sidewalls of crevasses, which often leads to failures or 503 

underestimations in detecting crevasse depth. To compare the differences between 504 

ICESat-2 and ArcticDEM in crevasse depth detection, we manually interpreted 16 505 

crevasses in the elevation profiles, as shown in Fig. 13a. Although there is a 10-day 506 

time difference between the selected ArcticDEM strip data (April 10, 2019) and the 507 

ATL03 data (April 20, 2019), the overall trend of the elevation profiles from both 508 

datasets is consistent, and the corresponding profiles were manually matched. Figure 509 

13b shows the depths of 16 manually extracted crevasses and their differences. The 510 
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results indicate that the crevasse depths derived from ATL03 are generally deeper than 511 

those from the ArcticDEM, with an average depth difference of 1.40 m. This suggests 512 

that our method can not only complement existing datasets by capturing meter-scale 513 

crevasses, but also potentially provide new insights into the role of crevasse depth in 514 

ice dynamics and calving studies. 515 

 516 

Figure 13. Comparison of crevasse depth estimation results based on ATL03 and Arct517 

icDEM. (a) Elevation profiles and crevasse detection results from ATL03 and ArcticD518 

EM (ArcticDEM strip data: SETSM_s2s041_WV03_20190410_1040010049CC9200_104519 

001004C8E3900_2m_lsf_seg1_dem.tif, and ATL03 data: ATL03_20190420093051_0338520 

0303_006_02.h5/gt2l). (b) The depth of crevasses detected by ATL03 and ArcticDEM 521 

and their differences. 522 

5.3 Implications and limitations 523 

In this study, we propose an automated and efficient method for crevasse 524 

extraction and depth estimation from the ICESat-2 ATL03 product. Unlike previous 525 

studies that focused on large crevasses in Antarctic ice shelves using the ATL06 product 526 

(Li et al., 2021; Wang et al., 2021), the proposed method can more accurately detect 527 

crevasses of varying sizes and estimate their depths. To the best of our knowledge, this 528 

is the first study to map crevasse depths from ICESat-2 over the GrIS. Comprehensive 529 

experiments demonstrate that the proposed method achieves an excellent performance 530 

for detecting crevasse locations and their depths from the ICESat-2 ATL03 product 531 

contaminated by noises. In addition, mapping the crevasse depth distribution in SKJI 532 

further demonstrates the applicability of the proposed method to large-scale regions and 533 
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reveals the spatial characteristics of crevasse depth distribution and their potential 534 

implications for glacier stability. Overall, this work provides an effective approach for 535 

large-scale crevasse depth mapping and can be extended to other glacierized regions 536 

worldwide, such as the polar regions and mountain glaciers.  537 

There are nevertheless several limitations in this study. Although ICESat-2 has an 538 

ultra-high resolution of 0.7 m, providing an unprecedented opportunity to detect small 539 

crevasses, it can only measure their visible depths rather than the full structural depths. 540 

In future work, the observed visible depths derived from ICESat-2 can be used to 541 

constrain and validate physical or numerical models to better estimate actual crevasse 542 

depths. This will be significant for revealing the evolution of crevasses. 543 

6. Conclusions 544 

This study demonstrates the capability of ICESat-2 ATL03 data for mapping 545 

crevasse depths at a basin scale. Such information can provide critical insights into 546 

glacier dynamics, meltwater transport, and calving behavior. We developed an 547 

automated and rapid method for quantifying crevasse depths, which includes rapid 548 

detection of crevassed regions, glacier-height retrieval, and crevasse extraction and 549 

depth estimation. This is a new and effective way to identify crevasses and extract their 550 

metrics, and is the first use of ICESat-2 ATL03 data to map crevasse depths at the basin 551 

scale on the GrIS. We successfully applied the method to 104 ICESat-2 ATL03 data 552 

tracks across SKJI in 2019. Quantitative comparison with IceBridge airborne altimetry 553 

data and visual comparison with Planet imagery demonstrates that our method works 554 

well for detecting crevasse locations and their depths from the ICESat-2 ATL03. A total 555 

of 18,775 crevasse locations were identified, and the crevasses were mainly distributed 556 

below 900 m a.s.l. in the south ice stream and below 600 m a.s.l. in the north. The depth 557 

maxima occur at approximately 20 km and 10 km inland in the south and north ice 558 

streams, respectively. In addition, crevasse depths derived from our method are 559 

approximately 28% and 30% deeper than those obtained from ATL06 and ArcticDEM, 560 

respectively. 561 
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Our algorithm has the potential to map crevasse locations and depths in other 562 

regions, including Antarctica and mountain glaciers. In addition, the visible crevasse 563 

depths obtained from ICESat-2 provide useful observational constraints for future 564 

physical and numerical modelling of crevasse evolution, which may help to better 565 

quantify the role of crevasses in ice dynamics and predict their contribution to future 566 

mass loss and sea level rise. 567 
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