
Dear Editor, 
  
Thank you for considering our manuscript egusphere-2024-141 (“Multitemporal UAV LiDAR 
detects seasonal heave and subsidence on palsas”) for publication in The Cryosphere. We have 
been through all feedback provided by you and the reviewers, and we are glad to report that 
all comments led to changes in the manuscript one way or the other.  
 
In the below, we provide a point-to-point reply to each comment/question raised in RC1, and 
we specify the changes that were implemented in the manuscript for each of them. 
 
Q = Question / comment raised 
A = Answer / details of the changes made 
 
LXXX–XXX refers to the line numbers of text in the revised manuscript.  
 
  



General comment: 
 
Q1.0: The only major issue I want to raise concerns the error assessment in the study. Surely, 
the authors present data sets of high quality, but at the same time the vertical differences 
observed are small. In Tab. 1, the authors state that the vertical accuracy of the digital terrain 
models presented are 0.021 and 0.028 m for the two different scanners used. In L330-332 it 
is stated that “changes less than these are within the margin of error”, i.e. are not to be 
interpreted as a reliable signal but rather to be considered as noise. This should be addressed 
in the study and included in the presentation of the results. When subtracting digital elevation 
models and creating difference maps, the individual errors should be propagated to separate 
reliable change information from insignificant change values. Also, it should be clearly stated, 
how the vertical accuracy presented in Tab. 1 was determined. In assessing the accuracy of 
the difference models, the “normalization” of the elevation values to the mean mire elevation 
should also be included and discussed (see specific comments).  
 
 
A1.0: The main concern the reviewer raises is the error assessment. We do agree with the 
reviewer that this is required to significantly improve the manuscripts quality. First of all, we 
have added a more elaborate explanation of how the vertical accuracy by the manufacturer 
was determined. Our flights were all within the height and velocity ranges for which the 
scanners are calibrated.  
 
L153–157: The vertical accuracy and precision of these specific LiDAR scanners are 
determined by the manufacturer. They performed 15 flight lines for YSM+ and 13 for YSM at 
velocities between 5 and 10 m/s and between heights between 50 and 120 m.a.g.l. over a 
series of surfaces. The assessment with 18 ground truth points then resulted in the values 
given in Table 1. All surveys in this study are performed within one year of the calibration. 
 
Next, in the presentation of the results, we have now provided the error range of the height 
changes. As the reviewer highlights, when subtracting digital terrain (or elevation) models, 
the individual errors should be propagated. In order to do this, we used the topographic 
error propagation law (Taylor, 1997): 
 

Error of the difference DEM = ± Sqrt(errorDEM1
2 + errorDEM2

2) 
 
If we then insert the standard errors from the calibration of the scanners (0.028 for YSM and 
0.021 for YSM+), we find the following errors: 
 
September 2022 – April 2023: 0.035 
April 2023 – June 2023: 0.030 
June 2023 – July 2023: 0.030 
July 2023 –September 2023: 0.030 
 
These are now portrayed on Fig. 5 and Fig. 6 (see A1.5), and we added the following to 
Chapter 3.2: 
 



L211–213: For the change detection, the error range was calculated following the 
topographic error propagation law (Taylor, 1997), where the propagated error was 
described as the root sum of squares (RSS) of individual errors. For the individual errors, 
those described in Table 1 were used. 
 
In order to assure the reader that the main findings of our study are greater than these 
calculated error margins, we have included the following: 
 
L421–423: The main findings of the study, which include the observed 0.15 m mean heave in 
winter and associated subsidence over summer and the identification of a degradation 
hotspot, are larger than the described error. 
 
Further, when portraying the relative palsa height (Fig. 8), we now also included the 
associated error bars (see A20). This shows that on the Dome palsa only the step from July 
2023 to September 2023 falls within the error range and for the Ridge palsa the step from 
April 2023 to June 2023. The main conclusion of the study, with a heave of 15 cm and 
corresponding subsidence over summer still stands.  
 
In order to clarify the process of normalization of elevation values to height values, we have  
Included the following in the Methods chapter (see A12 in this response for further 
explanation): 
 
L218–227: For each DTM, the mean elevation of the palsa’s surrounding was computed and 
subtracted from the DTM, which normalizes the elevation of the palsa into the height above 
the surroundings. Since the definition of palsas is morphological (Harris et al., 1988), the 
height above its surroundings is per definition the height of the palsa. For the normalization, 
we used the previously mentioned orthophotos to create a polygon around each palsa, for 
which the mean elevation was taken per LiDAR flight. Areas containing open water at any of 
the time steps, either thermokarst lakes directly around the palsas or other ponds, were not 
included in these polygons. The transformation from elevation to height, simplifies the 
comparison between the data from the different flights. Since the mire in April was snow-
covered, the mire elevation from the closest date (June) was taken for normalizing the April 
DTM. 
 
  



 
Q1.5: Finally, it would be helpful for the reader to see the full distribution of elevation change 
values for all time stamps in a histogram view, maybe as a supplementary figure. 
 
A1.5: The suggestion to include the full distribution of palsa elevation changes for all the time 
steps is one that will help the reader to interpret the palsa change more thoroughly. We 
therefore performed this computation and included the results in the main text, as part of Fig. 
6, since we find that these data add valuable insights. We even went a step further and present 
histograms for different parts of the palsas; the entire palsa (meaning all pixels within the 
palsa outline), the snow-free parts (all pixels within the snow-free polygons, see Fig. 6a, b, e, 
f), and finally the degradation hotspot (the quickly degrading 225m2 part along the northwest 
edge of the Dome palsa). This distinction makes it clear to the reader that the elevation 
increase from September 2022 to April 2023 is two-fold: a peak due to the snowfall and a peak 
due to the heave. The snowfall-peak is mirrored in the following time step (April 2023 to June 
2023), after which both the ‘entire palsa’ and ‘Snow-free parts’ distributions are mostly 
similar.  Showing the ‘degradation hotspot’, puts this area in better context of the entire palsa 
(as asked in Q14), with enhanced elevation losses in all time steps, even after the winter 
snowfall.  
 

 



L258–264: Figure 6 Sequential height difference maps of the Dome (a,b,c,d, with the 
‘degradation hotspot’ in the dashed rectangles) and Ridge (e,f,g,h) palsas between the five 
UAV LiDAR DTMs from September 2022 to September 2023. Each panel showcases the 
topographical changes over successive intervals. Blue colors indicate elevation gains and 
red colors indicate elevation losses. The snow-covered areas (a, b, e, f) are greyed out, 
leaving the snow-free parts highlighted.  Panels i–p display histograms with the 
distribution of height changes, separated into the entire palsa area (including snow-free 
parts), snow-free parts only, and the 'degradation hotspot' on the Dome palsa. 
 
The added histograms are now also addressed in the main text of Chapter 4.2, which is also 
revised to improve the readability: 
 
L244–255: 4.2 Seasonal terrain changes from UAV LiDAR 
By comparing DTMs from consecutive periods, we observed intra-annual terrain variations, 
i.e., frost heave and thaw subsidence on the two studied palsas. Change maps for the 
different time steps are shown in Figs. 6a–h, while Figs. 6i–p are corresponding histograms 
of change. The first two time steps are largely affected by snow cover in April, hence the 
histograms of change show both the entire palsa as well as only the snow-free parts (Figs. 
6i–p).  
 
On the snow-free crests there was an elevation increase (heave) of up to 0.30 m and on 
average of 0.15 m from September 2022 to April 2023 for both palsas (Figs. 6a and 6e). 
Between June and July, both palsas clearly subside over the whole area (Figs. 6c and 6g), on 
average 0.05 m on the Dome palsa and 0.08 m on the Ridge palsa. Subsidence from July to 
September is only clear on the Ridge palsa, with 0.05 m on average over the entire palsa 
(Fig. 6h). Despite being snow-covered in April, the degradation hotspot in the northwestern 
part of the Dome Palsa displayed a height decrease of up to 0.4 m between September 2022 
and April 2023 (Fig. 6a and 6i), indicating that subsidence in this area also occurred between 
these months.  
 
L265–272: 
Figure 7 shows a time series of elevation changes along profiles, providing another way to 
look at the heave and subsidence. The degradation hotspot is seen in Figs. 7c and 7e, where 
this area progressively degraded vertically up to 1.9 m between September 2022 and 
September 2023. The ATV track that crosses the Dome palsa shows a subsidence of 0.2–0.3 
m just over the time period in this study (at ca. 27–29 m in Fig. 7e). On the Ridge palsa it can 
be seen in Figs. 7f and g that the subsidence was greater in the depressions than on the 
crests., The heterogeneous snow cover is visible in Figs. 7c and d. The snow thickness is up to 
ca. 2.0 m at the eastern margin of both palsas and 1.0 to 1.5 m in the depressions, while the 
crests remain snow-free (also see Fig. 1d).  



Specific comments: 

Q2 L79-81: I recommend to shift this sentence to the conclusions 

A2: After revising the Introduction, we agree that this belongs in the Conclusions and have 
removed this sentence. 
 

Q3: L88-91: In my view, it would be good to also provide the area of the two palsa features 
here. This would allow the authors to quantify the areal change, as well as to describe the 
features more comprehensively. 

A3: We thank the reviewer for this suggestion, which does help describe the palsas more 
comprehensively. This comment also made us realize that that the approximated width and 
length values were in 2023 and not 2022. We have fixed that and have included the area of 
the two palsas in the text. 
 
L101–104: In September 2023, the Dome palsa was approximately 170 meters in length and 
75 meters in width, with an area of 11408 m2 and its highest point about 4 meters above the 
surrounding mire. The Ridge palsa measures about 125 meters in length and 40 meters in 
width, with an area of 3522 m2 and its highest point being roughly 5 meters above the adjacent 
mire terrain. 
 

Q4: L92: all-terrain vehicle (ATV) 

A4: We have now included the definition of ATV. 

L105–106 An all-terrain vehicle (ATV) track runs over the northeastern part of the palsa, 

 

Q5: L98: Please provide coordinates detailing the locations of panels b) and c) as well. 
Also, b) would deserve a scale bar. The resolution of the Figure could also be improved, 
though this is likely related to the preprint format and will be accounted for in the full 
publication. 

A5: We agree with the reviewer that all maps should have coordinates to highlight their 
location. The same goes for a scalebar. We have adjusted the figure accordingly and also took 
the opportunity to make all scalebars of the same style. Regarding the resolution of the 
figures, we can assure that each figure is exported at high resolution and will be high quality 
for the publication. 



 

Q6: L115-116 / L122-123: If the HOBO station has been installed in September 2022, how 
can the data shown in the lower panel (add letters) of Figure 2 show monthly precipitation 
and snow depth before that date? 

A6:  For the dates before September 2022, we used the Naimakka station (see Fig. 1), which 
is operated by the Swedish Meteorological Institute (SMHI) since 1944. In order to clarify this, 
we have included the establishment data of the Naimakka weather station in the text. 
 
L127–129 The Köppen climate type is Subarctic (Dfc) and a weather station operated by the 
Swedish Meteorological Institute (SMHI) in Naimakka (established in 1944), ca. 18 km east of 
the study site observed a mean annual air temperature of of -1.5 °C and mean annual 
precipitation was 460 mm in the 1991–2020 standard period. 
 
Finaly, we have added letters to the two panels of Fig. 2. 
 

Q7: L121-122: Does “Air temperature” refer to mean daily air temperature? Please specify 
this here and also elaborate in the text at which interval the temperature is recorded. 

A7: The ‘Air temperature’ refers to mean daily air temperature. This is recorded every two 
hours. We have included clarification in the text:   
 



L137–138: Mean daily air temperature at ca. 1.5 km (Saarikoski) and at ca. 18 km (Naimakka) 
from the studied palsas. 
 
L132–133 At this station, air temperatures at 2 m above the ground surface are recorded at 
two-hour intervals. 
 

Q8: L124-125: These are interesting details from an earlier study. I would encourage the 
authors to come back to this data in the discussion and compare their 2022-2023 area 
changes to those found by Olvmo et al. before. Again, this would involve delineating the 
exact position of the palsas in the data presented here, which in my view would increase 
the quality of the work. It would also help to show the outlines of the palsa features in 
Figures 5 to 7. 

A8: The reviewer suggests including outlines of the palsas extent in figures 5–7, which we 
agree would greatly improve these figures and the ease of interpretation. We used 
orthophotos, created with a DJI Phantom 4 on the same days as the LiDAR surveys, in order 
to draw the outlines of both palsas in 2022 and 2023. For the Dome palsa, the southern margin 
is relatively unclear in the DTMs as the landform flattens out here. In the orthophotos 
however, a clearer shift in wet-dry vegetation can be followed along this margin.  

L239–240: The black lines represent the extent of the palsas, based on orthomosaics from 
the same day as the UAV LiDAR surveys. 

The suggestion to compare areal losses from our study to Olvmo et al. (2020) helps to put 
our study in the context of the region. However, since one-year area losses are not 
representative for a robust signal, we decided to compare the palsa area changes from 
Olvmo et al. (2020) with the 2016–2023 area loss. For this, we used the aera of both palsas 
in 2016 (from Olvmo et al. (2020)) and the 2023 areas from our study. We then calculated 
the % area loss per year for 2016–2023. The values and discussion of these is now included 
in the Discussion chapter. 

L387–398: Olvmo et al. (2020) found an average annual decay rate (loss of palsa area) of -
0.74 %a−1 and -2.45 %a−1 for the Dome and Ridge palsas respectively, for the period 2010–
2016. Using the palsa area from Olvmo et al. (2020) in 2016 and the extent in 2023 from our 
study, we can calculate a new annual decay rate. For the period 2016–2023, we found 
respective rates of -3.27 %a−1 and -1.55 %a−1. The -2.53 %a−1 change in decay rate on the 
Dome palsa can be largely explained by the degradation hotspot, which covered ca. 2.6% of 
the total palsa area. The slight decrease in annual decay rate on the Ridge palsa could be 
explained by a stabilization of degraded areas. When excluding the degradation hotspot on 
the Dome palsa, the Ridge palsa lost a larger percentage of its extent, similar to Olvmo et al. 
(2020). Again, lateral water fluxes greatly affect ground temperatures and permafrost 
degradation (Martin et al., 2021; Sjöberg et al., 2016; Walvoord & Kurylyk, 2016). Therefore, 
smaller palsas are relatively more susceptible to lateral erosion through heat and water 
fluxes, provided by surrounding thermokarst ponds, compared to larger palsas (e.g. Borge et 
al., 2017). 

Q9: L147: flight missions? 



A9: We agree that ‘flight missions’ is the better term and have changed this in the text. 

L167: Table 1. LiDAR scanner and flight parameters of the flying flight missions. 

Q10: L152: superscript m2 

A10: We thank the reviewer for pointing out this mistake and have fixed it. 

L171–172: Similarly, flights over the Dome palsa yielded a slightly larger coverage area of 
53993 m2 compared to the Ridge palsa, 

 

Q11 L185-187: Why did the authors decide to use the minimum elevation here? Would the 
high point density also allow to use the 25th percentile of the distribution to determine the 
elevation of a cell to not be relying on individual points that also might deviate from the 
surface? 

A11: The reviewer asks why we used the lowest point in each 0.10x0.10 m area when creating 
a DTM, as opposed to the 25th percentile. The vegetation on these palsas is low and compact, 
meaning that some vegetation might not be filtered out by the ground classification algorithm. 
By taking the lowest point, we are confident that we create a terrain model that represents 
the ground surface. We agree that by taking the lowest points, the chance for using outliers 
in the data is increased.  In order to address this point, we performed a test on the point clouds 
(from September 2023), where we take 100 random 0.10x0.10 m areas on each palsa and 
compare the minimum elevation with the 25th percentile of the data. The results are 
presented below and show a coefficient of determination, R2, of 1.00 and mean absolute error 
(MAE) of 0.02 m for both tests. This means that the lowest elevation and the 25th percentile 
elevation correlate perfectly and that the latter is on average 0.02 m higher than the lowest 
points. It shows that the random areas contained no outliers. 

 
 
In order to address this point in the main text, we included the following: 
 



L207–209: A comparison of the lowest point and the 25th percentile elevation in 100 random 
0.10 by 0.10 m areas on each palsa was carried out, which showed no outliers at the ground 
level. 
 

Q12: L191-195: But the mire elevation cannot be considered constant, as the authors also 
describe in L273-277. Given the small overall differences between the DTMs produced for 
the different time-stamps, how can the authors make sure that these are not produced by 
the normalization process to a fluctuating mire surface elevation? 

A12: An important note to make is that the definition of a palsa is morphological and thus per 
definition the height above the surroundings is the height of the palsa. That fact that the 
elevation of the mire cannot be considered constant is therefore the reason to do the 
normalization. The polygons surrounding the palsas that we used for the normalization are 
carefully drawn to not include open water bodies. 
 
We have elaborated this further in the Methods chapter: 

L218–227: For each DTM, the mean elevation of the palsa’s surrounding was computed and 
subtracted from the DTM, which normalizes the elevation of the palsa into the height above 
the surroundings. Since the definition of palsas is morphological (Harris et al., 1988), the 
height above its surroundings is per definition the height of the palsa. For the normalization, 
we used the previously mentioned orthophotos to create a polygon around each palsa, for 
which the mean elevation was taken per LiDAR flight. Areas containing open water at any of 
the time steps, either thermokarst lakes directly around the palsas or other ponds, were not 
included in these polygons. The transformation from elevation to height, simplifies the 
comparison between the data from the different flights. Since the mire in April was snow-
covered, the mire elevation from the closest date (June) was taken for normalizing the April 
DTM. 

Further, the addition of the histograms in Fig. 6 (see Q1.5) further strengthens this. Since 
almost the entire distribution of changes to April 2023 (Fig. 6i, m) show an increase in palsa 
height and accordingly changes from April 2023 to June 2023 a decrease (Fig. 6j, n), which is 
in line with the hypothesis of frost heave and thaw subsidence on permafrost landforms. 

Finally, we have added to the Discussion, where we describe that each correction of 
elevational data brings uncertainties, especially in a landscape so dynamic as a palsa mire. 
But we are confident that the presented height changes are related to the dynamics of the 
palsas. 

L320–327: A process other than freeze-thaw dynamics that could have affected the LiDAR 
measurements is the seasonal oscillation of the peatland surface height due to water table 
fluctuations, called ‘mire breathing’ (Kellner & Halldin, 2002; Roulet, 1991). By accounting 
for the elevational changes in the ground surface of the surrounding mire (and thus not 
open water), we ensure that the presented height values reflect height of the palsa mounds 
and thus hold true to the morphological definition of palsas. Since palsa mires are very 
dynamic landscapes, each correction brings uncertainties. The closely aligned elevation 



profiles (Fig. 7) give us confidence that the presented height changes are primarily a result of 
freeze-thaw dynamics of the palsas. 

Q13: L198-199: Please elaborate in more detail how this height difference was calculated 
and how the vertical accuracy might influence the interpretation. Is the maximum 
difference provided here based on a single pixel? How confident are the authors that this 
provides a robust signal? 

A13: These values were based on the single 0.10x0.10 m pixel with the highest elevation on 
the dataset (per palsa) and thus do not represent a robust signal. We thank the reviewer for 
pointing this out and removed the statement as it takes away from the main message of the 
Results section.  Section 4.1 is now rewritten. 
 
L230–236: Between September 2022 and September 2023, both palsas underwent 
degradation along their margins (Fig. 5). The largest height change was observed along the 
northwest edge of the Dome palsa, where an area of 225 m² (2.6% of the total palsa area) 
subsided up to 1.9 m and on average 0.85 m. This corresponds to a 34% height loss on this 
part of the palsa. From hereon we name this 225 m² area the ‘degradation hotspot’. 
Degradation also occurred within the ATV track that borders the eastern side of this 
degradation hotspot. The height of the Ridge palsa decreased slightly over the entire 
landform, with most loss along the margins in the form of lateral degradation.  
 
Q14: L199-202: It would be interesting to place these 300 m2 in the context of the full extent 
of the feature. What is the percentage change? 
 
A14: We agree that this area (now called ‘degradation hotspot’) is of interest and therefore 
we investigated this in more detail. In the process, we found a prior mistake, as this hotspot 
is 225m2 as opposed to 300m2, which adjusted throughout the manuscript. We calculated the 
areal percentage of the entire palsa that this hotspot covers (2.6%), as well as what the 
percentage height change within the hotspot area between September 2022 and September 
2023 is (34%). This hotspot is now also highlighted in Fig. 5 and Fig. 6. And finally, as part of 
A1, where we plot the distribution of height changes in Fig. 6, we have also included 
histograms that cover the degradation hotspot. This further puts that area in context of the 
entire Dome palsa. 
 
See A13 for the revised Section 4.1. 
 

Q15: L206: In the figure, c) does not show a DTM, but a difference map. Furthermore, 
providing outlines of the palsas here would help interpreting the figures, especially for 
panels c) and f). 

A15: Figure 5c and 5f show indeed difference maps and not DMTs. We have adjusted the 
caption accordingly. Outlines are also included (more info about this in A8). 

L238–242: Figure 5. DTMs of the Dome (a,b) and Ridge (d,e) palsas on UAV LiDAR scans in 
September 2022 and September 2023. The black lines represent the extent of the palsas, 
based on orthomosaics from the same day as the UAV LiDAR surveys. The difference maps 
(c,f) show the topographical changes over one year, with the palsa extent from the 



September 2022 flights in black The dashed box in (c) shows the ‘degradation hotspot’ on 
the Dome palsa. 

 

Q16: L211-212: A lot of full stops here 

A16: We have removed the second stop. 

L270–272: The snow thickness is up to ca. 2.0 m at the eastern margin of both palsas and 1.0 
to 1.5 m in the depressions, while the crests remain snow-free (also see Fig. 1d). 

 

Q17: L220: Also in this figure, it would be nice to show the outlines of the palsas to help 
the reader interpreting the elevation difference shown here. Furthermore, masking the 
snow covered area in April 2023 here would in my view be advisable to avoid 
misinterpretation of the figure. 

A17: Outlines are now included in Fig. 5–7 (more info about this in A8). The suggestion to mask 
out the snow-covered area in panels a, b, e and f of Fig. 6 is one that indeed does help the 
reader to interpret the figure and not be misled. Hence, the updated figure now has the snow-
covered areas slightly greyed out, but still visible. This allows the reader to still observe the 
degradation hotspot in the northwest part of the Dome palsa, which we now also highlight 
with the dashed box in figures a-d. Further changes to this figure (the error annotation and 
the inclusion of the full distribution of changes in panels i–p) and its caption are explained in 
A1.  
   

Q18: L236: Again, please elaborate how these values were calculated. Is the difference in 
mean height calculated on the entire distribution of the values, or just using a subset on 
the palsa surface? 

A18: These values are computed by using a subset of only the snow-free areas of the palsa 
surfaces. In order to make this clearer for the reader, we have included the following: 
 
L280–281: The mean height of both palsas, calculated by taking all pixels within the snow-free 
areas,  increased 0.15 m between September 2022 and April 2023 (Fig. 8). 
 

Q19: L238-242: Did the authors analyse whether the individual differences of the 
intermediate time steps are comparable to the changes determined from subtracting the 
start and end models? 

A19: The question is whether the sum of the individual differences between intermediate time 
steps is comparable to the change determined by subtracting the start model (September 
2022) from the end model (September 2023). 
 
The values here are calculated by taking the mean height of the palsas relative to the 
September 2022 mean. This means that each intermediate time step (t) equals: 



  
meanheightt – meanheightsep22 

 
By summing the changes observed in each intermediate period, we inherently obtain the total 
change from the start (September 2022) to the end (September 2023).  
 
In order to clarify this is in the main text, we included the following in the caption of Fig. 8.: 
 
L289–291: The cumulative changes of the intermediate steps add up to the total change from 
September 2022 to September 2023. 

Q20: L244-245: In this figure, it would be interesting to see error bars for the values of 
relative height changes. 

A20: As part of the error assessment, we have now included error bars for Fig. 8.  The error 
bars represent the scanner specific RMSE for the respective LiDAR scanners used (2.8 cm for 
September 2022 and 2.1 cm for the other data points). Since for each data point, the mean 
palsa height is calculated independently, the standard error (and not the propagated error as 
in Fig. 6) is shown. 
 
L287–291: 
 

 
 
Figure 8. Heave and subsidence on the two studied palsas during the 2022-2023 year. Mean 
height changes relative to September 2022 are plotted (only for the areas that were 
completely snow-free in April 2023). The cumulative changes of the intermediate steps add 
up to the total change from September 2022 to September 2023. The error bars represent 
the scanner specific RMSE for the respective LiDAR scanners used. 

Q21: L268-273: Is there any data that supports the assumption of a thinner active layer in 
the top-positions of the palsa compared to their surroundings? 



A21: We do have active layer data on both of the palsas. We measured the active layer 
thickness (ALT) by inserting a 1.80 m steel rod until the top of the frozen ground was found. 
These data are included in Appendix A. Fig. A1 shows the location of the used data points that 
were filtered for being either within the snow-free crests (TOP) of the palsas (see Fig. 6 for 
these polygons) or clearly in a lower position or depression (BOT). Fig. A2 then shows the 
distribution of the ALT at both palsas. The ALT on the top-positions is generally lower and 
more narrowly spread compared to the points in the lower parts/depressions. 
 
L315–317: The 0.15 m heave is computed on the areas that were snow-free in April and are 
thus biased towards the crests of the palsas that have a thinner active layer (see Appendix A) 
as they have a thinner winter snow cover, which limits the insulation of the ground below. 
 
L464–476: 
Appendix A: Active layer thickness 
The thickness of the active layer (ALT) is measured in September 2023 at both the Dome and 
the Ridge palsas by inserting a 1.80 m steel rod until the top of the frozen ground was 
observed. The points (Fig. A1) are either within the polygons of the parts that were snow-free 
in April 2023 (see Figs. 6a, b, d and e) or in a lower part of the palsa. The former points are 
assigned ‘TOP’, while the latter are assigned ‘BOT’. The points in the ‘TOP’ class have a thinner 
and more narrowly spread ALT compared to the points in the ‘BOT’ class (Fig. A2). 

 
Figure A1. Active layer thickness (ALT) on the Dome palsa (a) and Ridge palsa (b) in 
September 2023 with their corresponding DTMs. 

 



Figure A2. Distribution of the ALT at both palsas, showing that ALT in the top-positions is 
generally lower and more narrowly spread compared to the points in the lower parts or 
depressions. 
 
 

Q22: L308-311: This aspect should be discussed in more detail here. While I agree that the 
elevation changes on both palsas are very similar (L241-242, Fig. 8), the behaviour over the 
summer is different. Is this a robust signal and what is the interpretation of the authors? 

A22: We agree with the reviewer that more discussion regarding the different amounts of 
lateral degradation and subsidence is needed. Changes to our manuscript with a discussion of 
lateral decay rates and comparison to values from Olvmo et al. (2020) is already included in 
A8 in this response. Further hypotheses for the higher rate of subsidence at the Ridge palsa 
are related to the water bodies that surround this palsa. From our frequent field visits, we 
know that these are deeper water bodies around the Ridge palsa compared to the Dome palsa, 
which could enhance water and thus heat fluxes to the palsa core and result in more 
subsidence. However, these are hypotheses and can only be confirmed by investigations of 
the palsa interior, for example through geophysical tests. Finally, annual LiDAR surveys (which 
the authors intend on doing) are required to confirm whether or not this higher subsidence 
rate is a robust signal or not. 
 
L352–359: In our study, we show that the elevation change of the Dome palsa as a whole from 
September 2022 to September 2023 was minor and mostly within the 0.030 m error range, 
while the Ridge palsa did subside on average 0.07 m within one year. A hypothesis for this is 
related to the surrounding thermokarst ponds. The Ridge palsa is surrounded by relatively 
larger and deeper thermokarst ponds, which could enhance vertical subsidence more 
centrally in the palsas as a result of increased heat transfer to the palsa core. To find out if the 
higher subsidence on this palsa is a robust signal and what processes are responsible for this, 
continued annual LiDAR surveys and observations of the palsa’s interior via geophysical 
imaging are needed. 

Q23: L319: A lot of commas here 

A23: We have removed the second comma. 
 
L407: In this study, GCPs were not used, however, 
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