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Abstract  Offset-tracking is an essential method for deriving glacier flow rates using optical imagery. Sentinel-2 (S2) and 

Landsat-8/9 (L8/9) are popular optical satellites or constellations for polar studies, offering high spatial resolution with relatively 

short revisit time, wide swath width, and free accessibility. To evaluate and compare the precision of offset-tracking results 

yielded with these two kinds of data, in this study S2 and L8/9 imagery observed in Petermann Glacier in Greenland, Karakoram 

in High-Mountains Asia, and Amery Ice Shelf in the Antarctic are analyzed. Outliers and various systematic error sources in the 

offset-tracking results including orbital and strip errors were analyzed and eliminated at the pre-process stage. Precision at the 

off-glacier (bare rock) region was evaluated by presuming that no deformation occurred; then for both glacierized and the 

off-glacier regions, precision of velocity time series was evaluated based on error propagation theory. The least squares method 

based on connected components was used to solve flow rates time series based on multi-pair images offset-tracking. The results 

indicated that S2 achieved slightly higher precision than L8/9 in terms of both single-pair derived displacements and least square 

solved daily flow rates time series. Generally, the RMSE of daily velocity is 26% lower for S2 than L8/9. Moreover, S2 provided 

higher temporal resolution for monitoring glacier flow rates. 
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1  Introduction 

Offset-tracking calculates the local offset of two 
images through a correlation algorithm, and then combines 
it with the overall offset to obtain the total displacement 
fields of the entire region (Li et al., 2013). This method can 
derive ground deformation with low correlation, fast 
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computation, and high accuracy, allowing for monitoring 
glacier velocity over a long period and large area. 
Offset-tracking using SAR images is not highly affected by 
decorrelation like InSAR, because it does not rely on phase 
information but only employs the backscatter coefficients. 
Nevertheless, offset-tracking using SAR images obtained 
from different orbits or platforms is still difficult due to the 
large observation geometry differences. Although optical 
data is susceptible to factors such as clouds and 
precipitation, optical remote sensing has advantages in short 
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revisit period, less sensitive to surface melting, and 
availability of multiple data sources. The optical offset- 
tracking results generally include displacements in the 
east–west (EW) and the north–south (NS) direction, and 
correlation coefficients. The monitoring accuracy is 
generally within 1/10–1/50 pixels (Herman et al., 2011; Li 
et al., 2019; Peternel et al., 2017; Scherler et al., 2008). 
Pre-processing steps and post-processing steps to filter out 
noises are usually recommended to improve the precision 
and accuracy of displacement estimates (Zitová and Flusser, 
2003).  

Early scholars explored the use of single-pair optical 
images to monitor surface deformation and conducted a 
comprehensive analysis of various error sources. The “mean 
subtracting” method is proposed to remove the strip error 
(Van Puymbroeck et al., 2000). Generally, high-resolution 
images provide more detailed deformation fields. Delacourt 
et al. (2004) estimated the displacements of the LaClapière 
landslide using high-resolution Quickbird images, and 
results were consistent with the InSAR-derived results and 
field measurement. Berthier et al. (2005) estimated the 
glacier velocity in the Mont Blanc area (Alps) using SPOT5 
images, which was verified with GPS observations and 
found accurate agreement of horizontal displacements. The 
emergence of Co-registration of Optically Sensed Images 
and Correlation (COSI-Corr) software greatly improved the 
monitoring accuracy and computational efficiency of 
optical image cross-correlation matching (Leprince et al., 
2007), enabling precise registration up to 1/20 pixels. 
Currently, this software has been widely used in monitoring 
large-scale surface deformation (Leprince et al., 2008a). 
Debella-Gilo and Kääb (2011) investigated the impacts on 
image resolution to the precision of displacement estimation, 
and found that low spatial resolution leads to more 
matching errors. Debella-Gilo and Kääb (2012) proposed a 
method that incorporated multi-template matching and 
adaptive template windows into the conventional Normalized 
Cross Correlation (NCC) algorithm. This method reduces 
the error of displacement estimation and improves the SNR 
(Signal-to-Noise Ratio) of the matching. Offset-tracking 
was applied to obtain Antarctic glacier velocity by using 
Landsat-5 images (Bindschadler and Scambos, 1991). Since 
then, this method has been widely applied in studies of 
glaciers (Jawak et al., 2018), dunes (Ding et al., 2020), 
earthquakes (Ding et al., 2016), etc. He et al. (2019) used 
Sentinel-2 (S2) images and extracted the deformation field 
of the 2016 moment magnitude 7.8 Kaikoura earthquake 
based on COSI-Corr. A systematic analysis and correction 
of various types of errors is conducted for estimating the 
deformation fields. In addition, the comparison with 
deformation fields extracted from Landsat-8 (L8) images 
showed that S2 results had higher and finer accuracy. 

Time series of displacement has higher temporal 
resolution derived from multi-pair images. By applying 
Singular Value Decomposition (SVD) inversion to obtain 
the deformation time series of the West Kunlun Mountains 

glaciers, Zheng (2015) suggested that the horizontal 
deformation monitoring accuracy based on L8 offset- 
tracking reaches 0.15 m (0.01 pixels). Li et al. (2023) 
proposed a weighted least squares solution based on 
connected components to calculate the glacier velocity time 
series combining the offset-tracking results yielded 
separately by Sentinel-1 and Sentinel-2. This method 
addressed the issue of zero values that may arise if applying 
an SVD algorithm in solving the displacement time series.  

Current research tends to derive displacement or 
velocity time series instead of single-pair displacement to 
improve the temporal resolution and precision of surface 
deformation monitoring. With the increasing availability of 
optical images, it becomes more important to investigate the 
precision of the deformation time series derived from 
offset-tracking using different optical data. The Landsat 
series and S2 are the two widely used and freely available 
optical data with a large amount of achieved observations 
for extracting glacier flow rate (Bindschadler and Scambos, 
1991; Fahnestock et al., 2016; Kääb et al., 2016; Millan et 
al., 2022; Mouginot et al., 2014, 2017; Paul et al., 2016; 
Young, 1989). Landsat series has a longer historic achieves 
since the 1980s, while S2 has a wider swath width and more 
frequent repeating cycles, but only started to accumulate 
observations since 2015. Given their regular acquisition 
plans and a large amount of observation achieves, they are 
widely been employed for deriving glacier velocity time 
series. Currently, the precision of offset-tracking is usually 
evaluated with the off-glacier region, but seldom evaluated 
with an error propagation theory based on the redundant 
offset-tracking on the glacierized region. Considering the 
texture difference, the performance of offset-tracking 
should be worse on glaciers since less texture is provided. 

In this study, S2 and Landsat-8/9 (L8/9) images were 
employed to derive glacier displacement time series, and 
their precision was analyzed and evaluated separately. This 
paper introduced the data processing workflow for 
monitoring surface deformation by using S2 and L8/9 
optical data, and analyzed the correction methods of outliers 
and systematic errors of the original offset-tracking results. 
Glacier flow rates time series of Petermann, Karakoram, 
and Amery in 2021 were derived from a least square 
method based on connected components. The error 
propagation theory helps to evaluate the precision of the 
derived velocity time series. Finally, a comparative analysis 
of the glacier flow velocity fields and precision derived 
from the two optical images was compared. 

2  Study area and data 

2.1  Study area 

This study analyzed images obtained at three sites 
separately in Arctic, Antarctic and High Mountains Asia 
(HMA), which are Petermann Glacier, Amery Ice Shelf, and 
Karakoram. Petermann Glacier (80°N, 60°W) is located in 
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the northwest Greenland, east of the Nares Strait, and 
adjacent to the Arctic Ocean (Figure 1). It is one of the 
largest outlet glaciers in the Northern Hemisphere and one 
of the seven glaciers in Greenland that terminate in the 
ocean (Hogg et al., 2016). Petermann Glacier consists of a 
floating ice tongue that is ~70 km long and ~15 km wide. 

The thickness of the glacier varies from about 600 m at the 
grounding line to about 30–80 m at its front (Rignot and 
Steffen, 2008), with an area of ~1280 km2 and contributes 
~4% of the total ice discharge from the Greenland Ice Sheet 
(Rückamp et al., 2019). In the following text, “Petermann” 
refers to the Petermann Glacier. 

 
Figure 1  Study area and coverage of the optical image. a, Petermann; b, Amery; c, Karakoram. Background shows the topography. The 
yellow points mark the glaciers mentioned in context. Abbreviations: Pt = Petermann Glacier, Fs = Fisher Glacier, Ml = Mellor Glacier, 
Lb = Lambert Glacier, Si = Siachen Glacier, Bt = Baltoro Glacier. 

Amery Ice Shelf, with an area exceeding 6000 km2, is 
the largest ice shelf in East Antarctica and contributes ~16% 
of the ice discharge from the East Antarctic Ice Sheet 
(Spergel et al., 2021). The selected study area (73°S, 68°E) 
is located in the upstream supply region of the Amery Ice 
Shelf and includes the Lambert Glacier, Mellor Glacier, and 
Fisher Glacier (Li et al., 2020), In the following text, 
“Amery” refers to this area. 

Karakoram is located at HMA, where is concentrated 
large amount of glaciers. The selected study area (36°N, 
77°E) includes Siachen Glacier and Baltoro Glacier, which 
are two of the longest mountain glaciers in low latitude 
region. Locating at east Karakoram, Siachen Glacier is not 
only the largest glacier in the entire Karakoram range but 
also the largest glacier in all of HMA (Arendt et al., 2017). 
It has a length of ~74 km and a width ranging from 1–8 km, 
covering an area of ~936 km2 (Frey et al., 2014). Baltoro 
Glacier, located in central Karakoram and northern Pakistan, 
covers an area of ~660 km2, with a central length of ~62 km 
and has 12 tributary glaciers. Baltoro Glacier is extensively 
covered by debris, with over 38% of its area covered by 
glacier debris ( Gibson et al., 2017; Mayer et al., 2006). In 
the following text, “Karakoram” refers to this region. 

2.2  Data 

S2 and L8/9 data are two types of free accessible 
optical data with relatively high spatial resolution, high 
revisit frequency, and wide swath width, making them 
suitable for long-term glacier velocity monitoring. L8/9 
refers to the eighth and ninth satellites in the Landsat 
program series, which were launched in February 2013 and 
September 2021, respectively. They carry the Operational  

Land Imager (OLI) and OLI-2 sensors, respectively, with 
9 bands, a spatial resolution of 30 m (15 m for the 
panchromatic band), and a swath width of 185 km. S2 is a 
group of satellites in the European Space Agency’s (ESA) 
Sentinel series, including Sentinel-2A and -2B, which were 
launched in June 2015 and March 2017, respectively. The 
spatial resolution of S2 ranges from 10 m to 60 m, with 
13 bands. Furthermore, the imagery data from L8/9 and S2 
have been orthorectified using external DEM (Ali et al., 
2020; Ding et al., 2020), reducing the difficulty in 
offset-tracking. They can be directly applied to COSI-Corr 
for deriving deformation fields. In this study, the 
panchromatic (Pan) band of L8/9 and the NIR band from S2 
were selected for offset-tracking. Parameters of selected 
data are shown in Table 1. 

Table 1  The parameters of the S2 and L8/9 

Optical sensor S2-A/B L8/9 

Imaging band NIR, Band 8 Pan, Band 8 

Resolution/m 10 15 

Revisit time/d 
10 (1 sat) 
5 (2 sat) 

16 (1sat) 
8 (2 sat) 

Product level Level-1C Level-1T 

Track 
Orbit: 27/75/5 

Tile: 21XVK/42CVD/43SFV 
Path: 42/127/148
Row: 1/112/35 

 
This study adopted 72 scenes of S2 images obtained 

from the ESA (https://scihub.copernicus.eu/dhus/#/home) 
and 56 scenes of L8/9 images obtained from the U.S. 
Geological Survey (USGS) (https://earthexplorer.usgs.gov) 
(Table 2). These images are cloud-free or with slight cloud 
coverage. Only S2-B imagery was available for Amery, 
while S2-A acquisitions were not available.  



Precision comparison of glacier flow rates from offset-tracking using optical imagery                     241 

 

 

Table 2  Detailed information of the selected optical images 

Area Sensor Track Image counts Acquisition dates Average intervals/d 

S2 R027 25 2022-03-14–2022-09-15 7.71 
Petermann 

L8/9 P042 19 2022-03-26–2022-09-26 9.68 

S2 R075 14 2021-09-19–2022-03-08 12.14 
Amery 

L8/9 P127 15 2021-09-19–2022-03-30 12.8 

S2 R005 33 2022-01-12–2022-11-28 9.7 
Karakoram 

L8/9 P148 22 2022-01-12–2022-12-22 15.64 

 
At Petermann, the Greenland Ice Sheet Mapping 

Project (GIMP) DEM product (NSIDC-0645), single-pair 
velocity maps from optical images (NSIDC-0777) and 
annual velocity product (NSIDC-0725) provided by the 
National Snow and Ice Data Center (NSIDC) in the United 
States were applied for base maps plotting, selecting the 
low-velocity region, and comparison of single-pair velocity 
precision. Their resolutions were 90, 100 and 200 m, 
respectively.  

At Amery, the 1 km resolution Antarctic DEM product 
(NSIDC-0422) was applied, which combines measurements 
from the European Remote Sensing Satellite-1 (ERS-1) and 
the Ice, Cloud, and land Elevation Satellite (ICESat). The 
stable region is set to the Antarctic Exposed Rock product 
(https://data.bas.ac.uk/items/cbacce42-2fdc-4f06-bdc2-73b6
c66aa641/). Antarctica ice velocity product (NSIDC-0754) 
served as reference velocity fields, which combined 
interferometric phase from multiple satellite synthetic 
aperture radar systems. Since no current data are available, 
this study used the 2018 annual velocity fields of Antarctica 
with 450 m resolution. 

At Karakoram, the 30 m resolution SRTM1 (Shuttle 
Radar Topography Mission) DEM from USGS was applied. 
The extraction of the stable region was conducted with the 
Randolph Glacier Inventory (RGI) 6.0 product 
(NSIDC-0770). HMA annual velocity product (NSIDC-0776) 
from the Inter-Mission Time Series of Land Ice Velocity 
and Elevation (ITS_LIVE) project (Gardner et al., 2019) 
was used, with 240 m resolution. 

3  Methods 

COSI-Corr plugin of ENVI software was employed to 
generate original offset-tracking outputs with displacements 
in the EW and NS directions. Then the gross and systematic 
errors of the offset-tracking results were evaluated and 
removed. The least squares solution based on connected 
components was then used to calculate the displacement 
time series for these two platforms, and the precision of the 
flow rates time series from both platforms was analyzed and 
evaluated (Li et al., 2023). The experimental workflow 
shows in Figure 2.  

3.1  Image pairs selection 

Including too many image pairs will increase the 

computing time cost without significant accuracy 
improvement, this study only performed offset-tracking of 
each acquisition with its closest next three acquisitions.  

 
Figure 2  Working flow of this research. 

3.2  Offset-tracking 

COSI-Corr is an ENVI plugin based on IDL, which is 
mainly used for precise orthorectification, image 
registration, correlation of optical images, and offset- 
tracking (Ayoub et al., 2015; Leprince et al., 2007). 
Frequency domain image correlation was used to obtain the 
EW and NS deformations in this study. The monitoring 
precision was reported as 1/20 pixels (Konca et al., 2010). 
Key parameters are listed in Table 3. The step determines 
the spatial resolution of the offset-tracking results, that is 
larger step size resulting in lower spatial resolution of the 
outputs, and vice versa. Considering the size of the 
experimental area and the image resolution of S2 and L8/9, 
the displacement steps were set to 9 and 6, respectively, to 
achieve a unified spatial resolution of 90 m for the output 
displacement fields. Due to the inconsistent coverage of S2 
and L8/9 images, the L8/9 offset-tracking results were 
cropped based on the range of S2 images for convenient 
comparative analysis of the two types of data. 
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Table 3  The parameters of COSI-Corr 

 S2 L8/9 

Initial window 128 128 

Final window 32 32 

Step 9 6 

Robustness 5 5 

Mask threshold 0.9 0.9 

3.3  Gross and systematic errors analysis and 
removing 

Optical image matchings are susceptible to orbit error, 
strip error and noise (Ding et al., 2016; He et al., 2019). The 
first two are systematic errors and should be evaluated and 
removed, while noise is the random error. The results of 
removing systematic errors are here presented by using S2 
as an example. Figure 3 shows the offset-tracking field for 
13–18 April 2022 of Petermann and its surrounding area. 
Different types of error sources can be identified, including 
decorrelation noise, orbit error, and strip error. The first is 
the gross error, while the last two are systematic errors. 
Decorrelation noise is mainly caused by the variation in the 
surface radiometric properties, resulting in abnormal 
deformation values. Orbit error is mainly caused by 
systematic offsets in optical images at different times, 
resulting in a gradual overall shift. Strip error is mainly 
caused by misalignment of charge-coupled devices (CCDs) 
in push-broom sensors, resulting in periodic parallel 
band-like signals in the offset-tracking results along the 
satellite’s flight direction. Since the precision analysis was 
designed for evaluating random error, these gross and/or 
systematic error sources should be evaluated and removed 
properly. For S2, the offset-tracking results were also found 
with satellite attitude angle error, which was distributed 
along the satellite’s flight direction. This error was affected 
by terrain undulation and vegetation cover et al (Van 
Puymbroeck et al., 2000) and affected little to extract flow 
rates in the polar region and the removal step was not 
required here. Methods of removing these three kinds of 
errors are as follows. 

 
Figure 3  Gross and systematic error sources of S2 image pair 
(2022-04-13–2022-04-18). a, EW direction deformation; b, NS 
direction deformation. 

3.3.1  Decorrelation noise 

Low SNR indicates less reliability of the offset-tracking 
results, mainly due to temporal decorrelation, terrain 
shadow factors, and cloud (Konca et al., 2010; Michel and 
Avouac, 2006). To remove the decorrelation noise, an SNR 
threshold (0.9 in this study) was set to mask the low 
threshold areas (Song, 2021). However, the SNR threshold 
alone cannot effectively remove all decorrelation noise. It is 
also necessary to remove outliers based on the spatial 
similarity of glacier velocity fields. In this study, the 
“rmoutliers” function in MATLAB with the “median” 
method was mainly used for outlier removal. 

3.3.2  Orbit error 

The S2 Level-1C data only undergoes a rough 
orthorectification, and there are still geometric systematic 
offsets in optical image pairs, resulting in a gradual overall 
shift in the offset-tracking results, called the orbit error (He 
et al., 2019). This study selected reference region for 
evaluating the orbit error, including low-velocity and 
off-glacier (bare rock) regions, and then subtracted the 
evaluating orbit error from the original deformation field. 
The off-glacier region is presumed as no deformation, while 
the real deformation is unknown in the glacier region. 
However, the off-glacier region is not uniformly distributed 
or not large enough for estimating, especially for Amery. 
The low-velocity region (Figure 1, velocity < 40 m·a−1) was 
calculated regarding the annual velocity products (NSIDC- 
0725/0754/0776), and then, off-glacier and low-velocity 
region are both regarded as the reference region. It can be 
presumed seasonal fluctuation at low-velocity regions is 
close to zero. A bilinear polynomial model was employed to 
evaluate orbit error (Lin et al., 2017): 

Rorbit=a0+a1x+a2y+a3xy,             (1) 
where x, y are the coordinates of the original offset-tracking 
results, a0, a1, a2, a3 are the coefficients of the bilinear 
polynomial model. After calculating the presumed velocity 
fields at the low-velocity region and off-glacier region 
according to annual velocity products, subtracting presumed 
deformation in the reference region from the single-pair 
offset-tracking result, leaving only orbit error. Then, the 
least square method was applied to solve 4 coefficients of 
the bilinear model. The model was then applied to the entire 
offset-tracking fields to remove the orbit error. Figure 4 
compares the offset-tracking results before and after the 
orbit error removal, taking offset- tracking of S2 images 
observed on 13–18 April, 2022 as an example. 

Figures 4b and 4e represent the modeled EW and NS 
orbit errors, respectively. After removing the orbit error, 
there is a noticeable improvement in the offset-tracking 
results (Figures 4c and 4f). 

3.3.3  Strip error 

Most push-broom imaging satellites, such as S2, Landsat 
series, and SPOT series, suffer from CCD misalignment  
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Figure 4  Comparison the offset-tracking results before and after removal of the orbit error. a and d, deformation in EW and NS direction; 
b and e, the simulated orbit error; c and f, deformation after removal of orbit error.  

issues, which are challenging to correct (Leprince et al., 
2008b; Michel and Avouac, 2006). The displacement 
obtained from such optical images exhibits periodic parallel 
striping signals along the satellite’s flight direction. S2 
adopts 12 staggered detectors to cover the field of view 
(Drusch et al., 2012). Figure 5 shows the detector footprints 
of S2 at Petermann. 

 
Figure 5  Detector footprints of S2 tile for relative orbit R027. 
D2–D8 represent different detectors. 

Figure 6 shows the example of S2 images 
offset-tracking result of 13–18 April, 2022 to compare 
before and after the removal of strip error. There are 
noticeable strip errors which exhibit a regular distribution 

along the satellite flight direction in the deformation field 
(Figures 6a and 6d). Such errors are commonly removed 
using the “mean subtraction method” as follows (Ding et al., 
2016; Van Puymbroeck et al., 2000).  

(1) For an original offset-tracking result, select a set of 
pixels where are stable or deformations are known or can be 
presumed, and then subtract the presumed deformation from 
these pixels, leaving only the strip error. Here, the annual 
velocity product was used as a reference for calculating the 
presumed deformation in low-velocity areas. 

(2) Align the strip error approximately along the 
vertical direction by rotating the deformation map of the 
low-velocity area counterclockwise by an angle α (α is the 
angle between the line mn (Figure 6d) and the column 
direction. In this example, α≈64°). 

(3) Calculate the average value of all pixels in each 
column of the rotated deformation map. If there was no 
strip error, the average value should be zero. The more 
significant the strip error signal, the larger the absolute 
value of the average. 

(4) Subtract the average deformation value of each 
column from the deformation values of individual pixels in 
the original deformation map. 

(5) Rotate the deformation map. After subtracting the 
average values, rotate by the angle α clockwise to obtain the 
deformation map with the strip error removed. 

Noticeable strip errors are found in both the EW and 
NS directions (Figure 6). The mean subtraction method has 
effectively removed the strip error. Although theoretically 
there might be strip error in the results of the L8/9 as well, it 
found the offset-tracking results did not exhibit significant  
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Figure 6  Comparison before and after removal of strip error. a and d, deformation in EW and NS direction; b and e, the simulated strip 
error; c and f, deformation after removal of strip error. 

strip error. Therefore, the L8/9 was not processed to remove 
strip errors. 

Table 4 shows the effects of removing orbit error and 
strip error. The mean value is the average at the reference 
region including low flow rates part on glaciers and bare 
rock part. Standard deviation (STD) roughly describes the 
random error of offset-tracking. For the 10 m resolution S2 
images, the precision is about 1/10 pixel (1 m). Besides, the 
results clearly show that removing systematic error 
improves the precision. 

Table 4  Precision of S2 images offset-tracking (2022-04-13– 
2022-04-18) at Petermann  

 Stage of error removal EW NS 

Before orbit error removal 4.059  0.943 

After orbit error removal 0 0  Mean/m 

After strip error removal −0.003  0.010 

Before orbit error removal 1.146  0.991 

After orbit error removal 0.953  0.981 STD/m 

After strip error removal 0.931  0.921 

3.4  Flow rates time series  

A least squares method based on connected 
components for solving velocity time series was employed, 
and the error propagation theory was applied to perform 
precision analysis (Li et al., 2023). Each acquisition date is 
considered as a vertex (node), and the valid offset-tracking 
results serve as edges. For any pixel, after removing outliers, 
all temporal connected components with more than two 

vertices are identified and processed with a least square 
method. If each acquisition is offset-tracked with its three 
subsequent dates without any outliers (gross errors), only 
one connected component is generated for any pixel. 
However, after removing outliers, there are usually multiple 
connected components, and each component is solved 
separately using the least squares method. Within a 
connected component, each valid offset-tracking result 
forms an error equation, with the offsets between adjacent 
dates being the unknowns. The matrix equation is 
represented as:  

BX=D,                   (2) 
where D is the observations (offset-tracking results), X is 
the unknowns; and B is an m×(n–1) coefficient matrix (m 
edges and n vertices) that describes how those 
offset-tracking results are connected between these vertices. 
If no outliers were removed, the matrix B should be: 

1 0 0 0 0

1 1 0 0 0
                   

1 1 1 0 0

0 1 0 0 0

0 1 1 0 0

0 1 1 1 0
                 

   

0 0 0 0 1

 
 
 
 
 
   
 
 
 
 
  

B








    


          (3) 

The optimal estimate X̂  obtained through the least 
square method is: 

T 1 Tˆ ( )X B PB B PD              (4) 
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where P is the weight matrix. For each offset-tracking result 

1, , ,mD D  the weights are set as 1, , ,mP P  respectively. 

Since the time series offset-tracking is based on optical 
image tracking results from the same platform and the time 
baseline is short, P is set as the identity matrix E, that is all 
individual offset-tracking observations are equally weighted. 
The residual of the observations is:  

ˆ V BX D ,                (5) 
Let 

TBBN B PB ,               (6) 

and ˆ ˆXX
Q  is: 

1 T 1
ˆ ˆ ( )  BBXX

Q N B PB ,          (7) 

where B and BBN  solely depend on the connectivity 

between these vertices (acquisitions). 

3.5  Precision analysis 

The residual can be used to quantitatively assess the 
precision of the velocity time series derived from S2 and 
L8/9 images offset-tracking, respectively. According to the 
error propagation law, the unit weight medium errors 
(UWME, 0̂ ) of each connected component can be 

evaluated: 
T

0ˆ
( 1)m n

 
 
V PV

,              (8) 

where m is the number of valid offset-tracking results 
(edges) and n is the number of independent dates (vertices). 
Since the P matrix is an identity matrix, 0̂  represents the 

RMSE of single-pair offset-tracking observations. Then the 
RMSE ˆ ˆi ix x of the ith evaluated unknown xi is calculated: 

ˆ ˆ ˆ ˆ0ˆ
i i i ix x x x  Q ,              (9) 

where ˆ ˆi ix x  is the ith element in the diagonal of the 

cofactor matrix ˆˆxxQ . ˆ ˆi ix x  is the RMSE of the 

displacement between the two dates solved, and then RMSE 
of the daily velocity is calculated by dividing the temporal 
intervals between each adjacent acquisition. 

In assessing the precision, two methods are employed 
for off-glacier (bare rock) zone and glacier zone separately. 
For off-glacier region, where no deformation is expected, the 
RMSE (ERMSE) is used for precision assessment with formula 
(10). 

2
RMSE

1

1
=

m

i
i

E y
m 
 ,             (10) 

where m is the total number of pixels in the off-glacier area, 
yi is the evaluated displacement.  

Moreover, for both bare rock regions and glacier areas 
with deformation and a lack of ground truth data, the 
UWME and the RMSEs of displacement and velocity were 
evaluated based on error propagation analysis. The reason 
for separate calculations is that the surface textures differ 
significantly between off-glacier and glacier areas, and 

different textures can affect the precision of offset-tracking. 
Additionally, cross-validation was used when using two 
different kinds of data sources. And 37 pairs of offset results 
from S2 and L8/9 images at similar times were selected for 
comparative analysis in cross-validation.  

4  Results 

4.1  RMSE at off-glacier region 

After removing various gross and systematic errors, 
the RMSE of the displacements in the off-glacier region for 
single-pair offset-tracking results are calculated (Figure 7). 
The EW and NS directions are represented by the x-axis and 
y-axis, respectively. It can be observed that the RMSE of S2 
ranges from 0.4–1.2 m, while the RMSE of L8/9 ranges 
from 0.8–1.2 m. This indicates that the single-pair 
displacements of S2 show slightly higher precision. 
However, S2 shows a wider distribution of RMSEs than 
L8/9, which is possibly due to the proposed method of 
removal of strip error in case of offset-tracking to S2-A– 
S2-B is not as good as that to L8/9. However, in the case of 
the offset-tracking to images observed with the same 
satellite (S2-A–S2-A, and/or S2-B–S2-B), the RMSE was 
lower than L8/9, due to its higher resolution and shorter 
acquisition intervals.  

 
Figure 7  RMSEs for single-pair displacements of S2 (a) and 
L8/9 (b). The x-y axis represents RMSE in EW and NS direction.  

4.2  Glacier flow rates 

For offset-tracking in three study areas, 198 image 
pairs from 72 S2 images and 144 image pairs from 56 L8/9 
images were selected and formed daily velocity time series. 
Figure 8 shows the average flow rate fields in both EW and 
NS directions that derived from different platforms for the 
three study sites. The flow rates calculated by both 
platforms are very close in both directions and magnitude. 
The dates were different for three sites due to polar night, it 
obtained summer velocity at Petermann and Amery, while 
annual velocity for Karakoram. Petermann’s daily velocity 
in summer was highest, up to 4 m·d–1; followed by Amery’s 
up to 3 m·d–1. The study area was not the ice front at Amery 
Ice Shelf, which might account for lower rates than at 
Petermann. The lowest velocity in Karakoram was up to  
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Figure 8  Average flow rate maps derived from S2 (a, c, e) and L8/9 (b, d, f). The first row shows Petermann, the second row shows 
Amery, the third row shows Karakoram; Columns 1 and 3 show rates in EW direction, columns 2 and 4 show rates in NS direction. 

2 m·d–1 for the annual average. The flow rates derived from 
S2 are smoother than with L8/9, indicating less noise, 
especially at the upper zones of glaciers. The average 
acquisition intervals for S2 at Petermann, Amery, and 
Karakoram are 7.71, 12.14, and 9.7 d, respectively; while 
for L8/9, they are 9.68, 12.8, and 15.64 d, respectively. 
Therefore, S2 provides higher temporal resolution for 
calculating flow rates time series compared to L8/9.  

Due to the influence of incoherent noise, there are lots 
of gaps (no valid offset-tracking outputs) in the original 
offset-tracking results. The redundant offset-tracking and 

least squares method based on connected components 
addressed this issue to some extent. However, there are still 
gaps (no data) in the flow rates time series, and the valid 
data coverage of the flow rates time series is presented in 
Figure 9, a higher value indicates fewer gaps. The valid data 
coverage of S2 is generally higher than L8/9, indicating that 
S2 derived results show fewer gaps. The valid coverage of 
both S2 and L8/9 results is mostly above 0.8. Results with 
below 0.8 mainly occur in the summer, due to the high 
temperatures induced surface melting, leading to less valid 
offset-tracking results.  

 
Figure 9  Valid coverage of derived glacier flow rate maps. a, Petermann; b, Amery; c, Karakoram. The x-axis is the middle date between 
the start and end dates of an image pair; the y-axis is valid data coverage of flow rates time series. 

4.3  Offset-tracking precision 

The histogram of the UWME (representing the 
precision of single-pair offset-tracking) in glacier and 
off-glacier regions are exhibited in Figure 10. Amongst the 
three experimental regions, the UWME in the glacier and 
off-glacier regions exhibit similar trends. The UWME in  

off-glacier region is notably lower, signifying a higher 
precision. The peak value of S2 is higher than L8/9, and its 
range is lower than that of L8/9, indicating that S2 exhibits 
significantly higher precision than L8/9. At Amery, the 
interval corresponding to the peak value in the histogram is 
the smallest, indicating the best precision in that area. 
However, the histogram is right-skewed, indicating the  
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Figure 10  Histogram of UWME distribution in glacier (a, b, c) and off-glacier (d, e, f) regions. a and d, Petermann; b and e, Amery; 
c and f, Karakoram. The x-axis represents UWME; the y-axis is the counts of pixels. 

gross errors were possibly not fully removed. Additionally, 
the UWME in glacier region of S2 is mainly within 4 m, 
while that of L8/9 is mainly within 6 m; and the UWME in 
the off-glacier region of S2 is mainly within 3 m, while that 
of L8/9 is mainly within 4 m. For the glacier region, the 
peak columns RMSE histograms for S2 derived results are 
1.65, 0.40 and 1.70 m for Petermann, Amery and 
Karakoram, respectively (average of EW and NS); while for 
L8/9 derived results, they are 2.85, 1.66 and 1.95 m. 

Figure 11 shows the error propagation evaluated 
RMSEs of daily velocity in the glacierized and off-glacier 
region, by presuming the ideal situation which no outliers 
are removed. The y-axis represents the RMSEs of daily 
velocity, while the x-axis represents the middle date 
between the start and end dates of each image pair. At 
Petermann and Amery, the precision of S2 is significantly 
higher than that of L8/9, as indicated by the curve of S2 
mostly lying above that of L8/9. At Karakoram, the 
precision of S2 and L8/9 is comparable, with both within 
0.25 m and showing variations. The RMSEs in the glacier 
and off-glacier areas fluctuate consistently, while the 
RMSEs are lower in the off-glacier region. Furthermore, 
RMSEs of the same platform at the off-glacier area exhibit 
minimal discrepancies in EW and NS directions, suggesting 
a substantial overlap between the two curves. Overall, S2 
exhibits better precision compared to L8/9. Combining 
these results with the RMSE and UWME above, it can be 
concluded that both platforms exhibit good precision in 
estimating the flow rates time series, but S2 performs 
slightly better than L8/9. Specifically, for the glacierized 
region, the average ideal RMSE at the glacier region for S2 
derived results are 0.210, 0.064 and 0.154 m·d−1 for 
Petermann, Amery and Karakoram, respectively (average of 

EW and NS); while for L8/9 derived results, they are 0.286, 
0.164 and 0.129 m·d−1. RMSE for S2 is ~26% lower than 
L8/9. Much longer intervals (Table 2) of L8/9 result in its 
higher precision of daily velocity than S2. 

S2 solves a lower UWME because it represents the 
RMSE of single-pair offset-tracking observations. Considering 
the same precision of offset-tracking in terms of pixel level, 
S2 should yield higher precision in terms of meters. 
Although the acquisition intervals are smaller for S2 than 
L8/9, the former still solves a smaller RMSEs of the daily 
velocity, except for Karakoram, possibly due to large 
difference of acquisition interval differences.  

The cross-validation to S2 and L8/9 derived velocity 
taken at the similar time (Figure 12). The R2 is 0.9678 and 
RMSE is 0.2226 m·d−1, indicating good consistency and a 
small difference in the offset-tracking results between the 
two platforms.  

Finally, we compared the single-pair offset-tracking 
derived velocity in this study with the published single-pair 
velocity products from optical images (L8 and S2) at 
Petermann. No single-pair velocity products were found 
for the same period at Karakoram and Amery. We 
selected 22 image pairs of S2 and 12 image pairs of L8, 
then calculated the STD of velocity at off-glacier region 
(Figure 13a) and mean velocity at glacier region (Figure 13b). 
Average STD in off-glacier regions for NSIDC-0777 were 
0.52 m·d−1 and 0.28 m·d−1 for L8/9 and S2, respectively; 
and for the results of this study were 0.37 m·d−1 and 
0.21 m·d−1 for L8/9 and S2, respectively (Figure 13a). In 
terms of average glacier velocity (Figure 13b), STD of the 
average velocity differences between NSIDC-0777 and this 
study derived results were 0.18 m·d−1 and 0.29 m·d−1. 
Similar fluctuation trends can be seen in Figure 13b. 
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Figure 11  Ideal RMSEs of daily velocity time series in glacier (a, b, c) and off-glacier (d, e, f) region. a and d, Petermann; b and e, 
Amery; c and f, Karakoram. The x-axis is the middle date between the start and end dates of an image pair; the y-axis is RMSEs of daily 
velocity. 

 
Figure 12  Cross-validation of S2 and L8/9 evaluated glacier daily 
flow rates. The x-y axes represent daily velocity of S2 and L8/9. 

5  Discussion  

5.1  Factors affecting the precision of offset- 
tracking 

Monitoring surface deformation requires good-quality 
optical imagery. The estimation of optical image 
displacement is susceptible to factors such as satellite flight 
attitude disturbances and CCD misalignment. Additionally, 
it can be affected by disturbances such as terrain 
undulations, cloud cover, and precipitation. These factors 
introduce various types of systematic errors into the 
deformation field, including decorrelation noise, orbit errors, 
strip errors, and terrain shadow errors (Ding et al., 2016; He 
et al., 2019).  

 
Figure 13  Comparison of single-pair velocity between this study 
and NSIDC-0777 velocity product. a, the standard deviation at 
off-glacier region; b, the average velocity of Petermann. 

In this study, the RMSE of the stable region in the 
experimental area was used to quantify the effects of error 
removal (decorrelation noise, orbit errors, and strip error) at 
each stage of error processing for different platforms 
(Figure 14). After removing the decorrelation noise, the 
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RMSE for single-pair displacements from the S2 and L8/9 
are within ~5 m, indicating that the orbit errors cause the 
largest abnormal deformation values. After removing the 
orbit errors, the RMSEs of both S2 and L8/9 significantly 
decrease, and both are within ~1.2 m. Removing the strip 
error also reduces the RMSE of S2 (Table 4). The red dots 
(after removing the strip error) are lower than the blue dots 
(before removing the strip error) by ~0.001 m (Figures 14a, 
14c), indicating a reduction in the error of CCD 
misalignment.  

 
Figure 14  RMSE before and after error removal. a, S2; b, L8/9; 
c, S2 from red box in (a); d, L8/9 from red box in (b). The x-y 
axes represent the RMSE in EW and NS direction, respectively. 
The yellow, blue and red points mark the RMSE after removal of 
decorrelation noise, orbit error, and strip error, separately.  

Removing the systematic errors is a necessary and 
common process for extracting flow rate, although the error 
cannot be completely removed. Assessing and removing the 
strip error of can be difficult if the reference regions are not 
large enough or well distributed. For example, in the D8 
area of Figure 5.  

5.2  Theoretical and actual precision of 
offset-tracking 

In this study, the COSI-Corr was used for 
offset-tracking. Although the theoretical precision of 
COSI-Corr reaches 1/20–1/50 pixels (Leprince et al., 2007); 
in the actual cross-correlation calculations, it is susceptible 
to various errors, and the actual precision is expected to be 
lower. Assuming a theoretical precision of 1/20 pixels, the 
theoretical precision of deformation monitoring for S2 and 
L8/9 should be 0.5 m and 0.75 m in any direction, 
respectively. He et al. (2019) obtained an RMSE of 0.6– 
1.1 m for coseismic deformation results using S2 data. Song 
(2021) obtained an RMSE of ~0.51 m and 0.78 m for 
landslide deformation results using S2 and L8 data, 

respectively. In this study, after removing systematic errors, 
the RMSE in the stable region for single-pair displacements 
from S2 is generally in the range of 0.4–1.2 m, and for L8/9, it 
is generally in the range of 0.8–1.2 m (Figure 14). The 
precision on ice is obviously lower than the theoretical 
precision, possibly due to smoother texture in the polar 
region than most of the world. Still, the precision of S2 is 
higher than L8/9 and generally consistent with the 
theoretical precision. 

5.3  Limitations 

For comparing the precision of flow rates time series 
offset-tracking for different optical platforms, several 
limitations were identified in this study. 

(1) In consideration of factors such as spatial 
resolution, revisiting time, imaging swath width, amount of 
the achieved data, and acquisition cost, this study employed 
medium to high-resolution optical images from the S2 and 
L8/9; while commercial high-resolution optical images, 
such as QuickBird and WorldView, were not included. 

(2) The method used to remove incoherent noise in this 
study is based on SNR of cross-correlation and simple 
image processing techniques. Incoherent noise that cannot 
be fully removed based on SNR thresholds exhibits 
irregular values and locations. It would be necessary to 
develop an adaptive method to more effectively remove this 
kind of error. Moreover, iterative least square method can 
also identify gross error, which holds the potential to 
preserve more valid offset-tracking observations than the 
current method of removing gross errors in the 
pre-processing step. 

(3) This study only selected three typical glacier sites 
in the North and South Poles, and HMA, where were 
dominated by glaciers or with the largest glaciers in the 
specific regions. It should be reminded that results of 
glacier velocity precision are not representative of the entire 
North and South Poles and/or HMA, but are only limited 
within the experimental regions, especially for regions with 
other types of land covers or glacier regions at other glacier 
zones instead of bare ice dominated area.  

6  Conclusions 

This study evaluates the precision of deriving glacier 
velocity from offset-tracking using S2 and L8/9 images. 
First gross errors (outliers) and systematic errors are 
evaluated and removed. Then the precision of 
offset-tracking at glacier and off-glacier regions are 
evaluated separately. For the glacier region, the flow rate 
time series is solved with a least square method based on 
the connected components, and the precision of its derived 
velocity time series was evaluated with the error 
propagation theory. The main conclusions are as follows. 
The offset-tracking in estimating glacier flow rates for both 
S2 and L8/9 platforms shows good precision, with S2 
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performing slightly better than L8/9. The RMSE of 
single-pair displacements for both platforms in the stable 
regions is mainly concentrated in the range of 0.4–1.2 m. 
Error propagation theory suggested that the RMSE of 
single-pair displacements at three selected glacier sites are 
0.4–1.7 m for S2 and 1.7–2.9 m for L8/9, which are slightly 
higher than that of stable regions, due to the texture 
differences. Considering the redundant offset-tracking and 
different temporal intervals, the RMSEs of daily velocity 
are 0.06–0.21 m·d−1 for S2 and 0.16–0.29 m·d−1 for L8/9, 
the former is ~26% better than the latter. Therefore, S2 
provides higher temporal resolution and higher precision in 
estimating glacier flow rate time series than L8/9.  
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