
Reviewer #1 

Dear Reviewer, 
Thank you for your helpful comments and suggestions to improve the manuscript. 

Various changes are made in the revised manuscript, including but not limited to 
optimizing the data processing methods, a further analysis of the differences between 
the reanalysis and observations as well as polishing the language. Below, we repeat 
each comment and reply to them one by one. All responses are in blue font for clarity 
of reading. 
Hao Luo 
On behalf of all the authors 

1. Discuss sea-ice thickness in a model run /without/ assimilation of sea-ice 
concentration. A complementary approach would be to discuss the assimilation 
increments (here: nudging tendencies) for sea-ice concentration. Assuming that 
GIOMAS still uses the original PIOMAS nudging methods (Lindsay and Zhang, 
2006), there will also be implicit increments on SIT and SIV. It would be good to 
also discuss the implicit increments on SIT and SIV that arise from SIC the nudging, 
as their impact on the mean state might be substantial. 

Response:  
Thanks for your suggestion. It is important to clarify the impact of nudging sea-

ice concentration (SIC) on the sea-ice thickness (SIT) with your suggested experiments. 
In Lindsay and Zhang (2006), the “model only” simulation (i.e., model run without data 
assimilation) and the “Gice-DA” simulation (i.e., model run with nudging SIC) are 
systematically evaluated to examine the influence of nudging SIC observations, though 
the experiments are based on the Arctic. The Lindsay and Zhang study shows that the 
model only case, without being constrained by satellite SIC, generally overestimates 
SIT in the marginal ice zone of the Arctic. The GIOMAS model only case is likely to 
also overestimate SIT in the marginal ice zone of the Antarctic. However, it is beyond 
the scope of this study to have detailed comparison between the GIOMAS runs with 
and without assimilating SIC observations. In this study, we mainly focused on 
detailed assessment of the available GIOMAS Antarctic SIT reanalysis with the 
constraints of satellite SIC observations, which has not been done before. The data 
from the GIOMAS model only case without the constraints of satellite SIC are not 
standard output and not made available to the public because of the possible uncertainty 
of SIT in the marginal ice zone. 

However, in the revised manuscript, we added words to point out the likely 
overestimation of SIT in the marginal ice zone of the Antarctic. We also 
emphasized the importance of assimilation on the reanalysis and add future work 
plans to the discussion, which are related to the quantification of the influence of 
nudging SIC on the SIT in the Antarctic. In addition, we added more explanations 
on the adjustment of SIT caused by nudging SIC and statements on the impact of 
this process. 
 



2. Better quantify observational uncertainty. From the figures presented, it is evident 
that there are major discrepancies between ES and CS2-derived SIT. The same is 
likely true when comparing the various in-situ observations with the satellite 
records - can we have some scatter plots of these please? To clarify, I am not asking 
for an inter-comparison of observational products - this would clearly be outside 
the scope of what the authors wanted to present. However, it is necessary to present 
the model-observation discrepancies in the context of the observational 
uncertainties, so there needs to be some quantitative discussion of these. 

Response: 
Thanks for your suggestion. To better quantify the uncertainty of satellite 

observations, the direct comparisons among satellite observations, ULS observations 
and GIOMAS reanalysis are conducted in the Weddell Sea where ULS SIT 
observations are available. 

The monthly SIT of ES and CS2 during their coincident segment (i.e., November 
2010 to November 2011) in the Weddell Sea is displayed in RFig. 1a. The SIT of ES 
and CS2 is mainly distributed around the one-to-one line and there is a significant 
correlation of 0.69 between them, indicating ES-derived SIT is comparable to 
CS2-derived SIT. There are also some differences between ES and CS2-derived SIT, 
which can be due to the physical processes that have not been figured out yet in the 
retrieval of ES dataset such as the flooding in the complex Antarctic snow stratigraphy 
as Paul et al. (2018) suggested. 

Then the monthly ES SIT is compared with monthly ULS SIT during the 
coincident segments at sites 206, 207, 208, 229, 231 and 233 (RFig. 1b). CS2 dataset is 
not involved since there are only four data pairs between CS2 and ULS observations. 
The distribution of data pairs indicates ES tends to overestimate SIT compared with 
ULS observations, because the scattering surface of the radar altimeter can be inside 
the snow (Willatt et al., 2010; Wang et al., 2020). However, 77% of ULS SIT is within 
the uncertainty of ES (RFig. 1b). Besides, the correlation between the ULS SIT that is 
within the uncertainty of ES and the corresponding ES SIT is 0.73. All those indicate 
ES-derived SIT is comparable to ULS observations when the uncertainty is 
considered. 

Furthermore, GIOMAS SIT is compared to the monthly ES SIT during the 
coincident segments between ES and ULS observations at the same sites mentioned 
above. The root-mean-square errors (RMSEs) at each site are calculated to show the 
differences between ES and GIOMAS SIT. For all ULS sites involved, the mean RMSE 
between GIOMAS and ES-derived SIT is 1.66 m, while the mean uncertainty of ES is 
1.77 m. Considering the expected large uncertainty of ES owing to the difficulties with 
the estimation of snow depth and density in the Antarctic (personal communication 
with Robert Ricker), the difference between GIOMAS and ES SIT cannot be 
ignored. 

In the revised manuscript, we added more discussions about the influence of 
the uncertainty of satellite data on the evaluation of GIOMAS in the result and 
conclusion parts. 
 



 

RFig. 1 The monthly ES and CS2-derived SIT in the Weddell Sea during the coincident 
segment from November 2010 to November 2011 (a) and the monthly ES-derived SIT 
and ULS observations during the coincident segments at sites 206, 207, 208, 229, 231 
and 233 (b). The red lines are linear regression lines and the black lines are one-to-one 
lines. The dots surrounded by red circles indicate the ULS SIT is within the uncertainty 
of ES and the percentage in (b) denote the proportion of such dots. The correlation and 
regression line in (b) are only for dots surrounded by red circles. 
 
3. Use at least some of the in-situ observations (the ones who are judged most reliable) 

as ground truth and verify both satellite observations and GIOMAS against these. 
This would allow to draw some much-needed conclusions on whether it is the 
observational data sets or the model (or both) that need to be improved. 

Response: 
As you suggested, the ULS observation at site 206 is selected as the ground 

truth since the ULS SIT at site 206 has relatively long and continuous time series. 
The biases of SIT relative to ULS and the uncertainties of each dataset are displayed in 
RTab. 1. 

The bias of GIOMAS is larger than the uncertainty of ULS while the bias of ES is 
smaller than the uncertainty of ULS (RTab. 1). This suggests there is a significant 
discrepancy between GIOMAS and ULS SIT while ES SIT is comparable to ULS 
SIT at site 206. 

Notably, in-situ observations provide relatively accurate estimations in specific 
points while satellite data provides an average estimation of each grid. Besides, satellite 
observations could provide relatively long and continuous Antarctic SIT observations 
with wide spatial coverage. Therefore, we used various observations to make the 
evaluation more comprehensive. 

In the revised manuscript, we further clarified the limitations of the scarcity of 
Antarctic observations for our evaluation and the necessity of using various 
observations in the evaluation. 
 



RTab. 1 The biases of SIT relative to ULS and the uncertainties of SIT at ULS 206 
(Unit: m). 

Dataset Bias Uncertainty 
ULS 0 1.17 
ES 0.89 1.37 

GIOMAS -1.99 0.34 

 
4. The discussion of trends (p 6 ll 166 - 175) is very interesting but disappointingly 

rudimentary. I consider Figure 5 a success for GIOMAS and a central result of the 
manuscript: it convincingly shows that year-to-year variability as well as trends in 
GIOMAS and the satellite record correspond quite well. This is an important 
message, but it needs to be backed up with more analysis (see minor comments). I 
would also suggest to dedicate a separate subsection to the trends. 

Response: 
Thanks for pointing this out. We further analyzed the difference in the trend of 

sea-ice volume (SIV) anomalies between GIOMAS and satellite observations as 
suggested. 

In the revised manuscript, further discussion about the difference in the trends of 
SIV anomalies was added based on your detailed comments. We also dedicated the 
result section into four separate subsections, which are the comparison in the 
climatology of SIT/SIV, the comparison of SIV trend, the comparison in the intensity 
of SIT variability and the comparison of SIT frequency, respectively. 
 
5. Comparing monthly-mean model fields to in-situ observations at a specific point in 

space and time might introduce substantial errors, because you are not comparing 
"like with like". Is it true that the authors use monthly-mean fields from GIOMAS? 
If daily-mean fields are available, these really ought to be used to compare to in-
situ data. The mean and variability of sparsely sampled instantaneous in-situ 
observations might not meaningfully represent the monthly mean and variability 
over a large-scale region like a model grid cell. Please specify and discuss how 
exactly you match in-situ observations to model fields and give some justification 
why you think the direct comparison is not misleading (see e.g. Janjic (2018) for an 
introduction/overview of the problem). 

Response: 
As you suggested, the monthly GIOMAS SIT data was replaced with the daily 

SIT data for data analysis and the data processing method was modified as follows 
to eliminate the mismatch of spatial and temporal resolutions between the 
observations and the model data as described in Janjić et al. (2018): 

Firstly, when compared with satellite-based observations, daily GIOMAS data is 
interpolated to the grid of satellite data using the linear approach and converted to the 
monthly averages to eliminate the difference in resolution between daily GIOMAS data 
and monthly satellite observations. 

Secondly, for the comparisons between GIOMAS and ULS, we convert 15-
minutely ULS data into daily averages for comparison with daily GIOMAS data and 



use the nearest neighbor approach to find the GIOMAS grid cells closest to the ULS 
locations. 

Thirdly, for the comparison between GIOMAS and ship-based and air-based 
observations, since the observations are very dense in space and the temporal resolution 
is always shorter than one day, we average it into daily and gridded data based on the 
GIOMAS grid to create a proper dataset that can be used in direct comparison with 
daily GIOMAS data. 

We found that after using daily GIOMAS data, the updated Figures are similar 
to the old ones and the main conclusions of the evaluation have not changed though 
there are some changes in the figures. 

Therefore, we revised the methodology part and modified the relevant 
statistics after using daily GIOMAS data in the revised manuscript. 
 
6. The manuscript would benefit from language editing, as there are various places 

with small grammatical errors and slightly inappropriate word choices. Nothing 
serious though. To give two examples: p 1 l 9f: "not very clear" is too colloquial 
and imprecise. p 2 l 34: "limited by the short of..." needs to be replaced by "limited 
by the lack of..." 

Response: 
We are sorry for the errors in grammar and vocabulary. We revised the manuscript 

and correct those errors as suggested. 
 
7. p 3 l 81: nudging of SIC is not state of the art anymore, it can introduce grave 

problems with SIT (see Tietsche et al. 2012). Please add some discussion on implicit 
changes to SIT when nudging SIC in your system. 

Response: 
Thanks. Based on the evaluation of the existing GIOMAS data spanning from 

1979 to present, it is found that GIOMAS tends to underestimate the Antarctic SIT 
compared with observations. In addition to the deficiency of the model, the 
assimilation method used in GIOMAS is an important source of errors to 
introduce the above-mentioned underestimation since SIT was adjusted 
asymmetrically during the assimilation process as follows: when SIC is nudged in 
the system, it will modify the SIT distribution to accommodate the change in SIC, 
which removes sea ice from the distribution without considering its thickness if 
modelled SIC is too large, while adds sea ice to the 0.1 m thickness bin if modelled SIC 
is too small (Lindsay and Zhang, 2006). As shown in Lindsay and Zhang, the nudging 
of SIC observations tends to lower SIT in the marginal ice zone when compared with 
the case without nudging. 

In the revised manuscript, we added more descriptions of the assimilation 
process in GIOMAS to the data part and clarified the influence of nudging SIC on 
SIT. 
 
8. p 4 l 115 "grid of observations": in-situ data are not gridded. Please rephrase, e.g. 

"... take place in observation space, which means that GIOMAS was converted to 



the locations of the observations" 
Response: 

We are sorry for this mistake. In the revised manuscript, the sentence was 
rephrased below as suggested: “GIOMAS data is converted to the locations of the 
observations when compared with satellite and ULS observations”. 
 
9. p 4 l 119: You claim the difference ES - CS2 is "much less" than the variability, but 

574 is almost half of 967! Can you please rephrase to acknowledge that there is 
considerable differences in CS2-ES SIV? I would like to see a figure with the time 
series of SIV anomalies as well. 

Response: 
Thanks for your comment. The SIV anomalies of ES and CS2 are displayed in 

RFig. 2. The coincident segment is from November 2010 to November 2011. The 
trends before 2013 are 2016.7 km3 per month when the coincident segment is ES data 
and 2039.2 km3 per month when the coincident segment is CS2 data. It indicates 
though the SIV anomalies of the two satellites in the overlapped period are different, 
the difference has little effect on the trend of SIV anomalies before 2013. 

Thus, we rephrased the sentence to acknowledge the difference in SIV 
anomalies between ES and CS2 in the coincident segment and clarified the 
difference has little effect on the trend computation in the revised manuscript. 

 

 

RFig. 2 The SIV anomalies of ES (blue dotted line) and CS2 (green dotted line). 
 
10. p 4 l 120: Please be more precise on your method to "splice together" the two data 

sets. 
Response: 

Thanks for your suggestion. In the trend computation, the SIV anomalies of CS2 
are chosen during the overlapped time since the selection of data between ES and CS2 
has little effect on the trend computation as verified above. ES from December 2002 to 
October 2010 and CS2 from November 2010 to April 2017 are combined to obtain a 



relatively long and continuous SIV time series for trend computation. 
We added more precise descriptions on the calculation of the observed SIV 

trend in the revised manuscript. 
 
11. p 5 ll 137-150: The problem with the manuscript that I describe above in major 

comment (1) is most evident in this paragraph. There is lots of speculation of where 
discrepancies may come from, but no further insight offered at all. Look at these 
phrases: "... may be due to model bias...", "... maybe caused by smaller freeboard 
of CS2 than ES2...", "... still disputed whether radar altimeter signals originate from 
the snow/ice or snow/air interface...". Without at least an attempt to decide whether 
discrepancies are due to deficiencies in GIOMAS or the satellite observations, it is 
difficult to draw any conclusion on where improvements are needed. Maybe it 
makes sense to treat (at least some of) the in-situ observations as the ground truth, 
and verify both model and satellite observations against them? 

Response: 
As you suggested, the ULS observation at site 206 with a relatively long and 

continuous SIT series is selected as the ground truth. The monthly SIT time series 
of GIOMAS, ES and ULS are displayed in RFig. 3. 

The results indicate ES SIT is comparable to ULS SIT since 95% of ULS SIT time 
series are within the uncertainty of ES SIT (RFig. 3). The difference between GIOMAS 
and ES is larger than the uncertainty of ES (i.e., the RMSE is 3.19 m and the uncertainty 
is 2.04 m), indicating the difference between GIOMAS and ES SIT cannot be ignored. 

Notably, the uncertainty of satellite observations is mainly related to the complex 
snow condition in the Antarctic that we lack knowledge about (Alexandrov et al., 2010). 
Owing to that unresolved issue, it is hard to determine where the differences are 
from. Therefore, we give some speculation of where the differences between GIOMAS 
and satellite observations come from. 

In the revised manuscript, we modified the speculation of where the differences 
between GIOMAS and satellite observations come from in the deformed sea-ice 
regions based on the comparison and added discussions about the unresolved 
problems in satellite observations that affect the conclusions in the regions with 
undeformed ice. 
 

 
RFig. 3 The monthly SIT series of ULS (yellow) at sites 206 from April 2008 to 



December 2010 and corresponding ES SIT (blue) and GIOMAS SIT (purple). The error 
bar means the uncertainty of ES SIT. 
 
12. p 6 l 166ff: Can you please show a figure of Antarctic SIE, to clarify whether SIV 

anomalies and trends are mostly explained by SIE anomalies and trends, or there is 
some independence? A scatter plot with SIE/SIV anomalies would also be helpful. 

Response: 
Thanks. The scatter plot with monthly Antarctic SIE/SIV anomalies of ES in the 

Bellingshausen and Amundsen Seas during 2005-2010 is displayed in RFig. 4a. It 
suggests the SIV and SIE anomalies in that period are basically not related since the 
correlation between SIE and SIV anomalies is 0.0628 and not significant. Meanwhile, 
the time series of SIE and SIV anomalies at that period show a pair of opposite trends 
(RFig. 4b). It is concluded that the variation of SIV can be significantly different 
from that of SIE anomalies at least in some regions and during a certain period of 
time. Therefore, it is necessary to study the changes of SIV anomalies in the Antarctic. 

In the revised manuscript, we rephrased the sentence to emphasize the necessity 
of studying SIV in the Antarctic. 
 

 

RFig. 4 The monthly SIV and SIE anomalies of ES (a) and the trends of SIV and SIE 
anomalies (b) in the Amundsen and Bellingshausen Seas during November 2005 to 



December 2010. The red line in (a) is linear regression line. 
 
13. p 6 l 171 and Figure 5: The trend lines after 2013 are quite different. Can you please 

give the numbers for the trends in GIOMAS and the satellite record, and add to the 
discussion that GIOMAS seems to underestimate the trend seen in the satellite 
record? 

Response: 
Thanks a lot for the suggestion. The trends of SIV anomalies of GIOMAS and 

satellite observations are 681 and 2039 km3 per month before 2013 and -81233 and 
-102449 km3 per month after 2013. It reveals GIOMAS tends to underestimate both 
the upward trend before 2013 and the downward trend after 2013 observed by satellite. 

To figure out what the underestimation in the trends of SIV anomalies may be 
related to, the monthly sea surface temperature (SST) of GIOMAS is compared 
with the Microwave Optimally Interpolated (OI) SST from the Remote Sensing 
Systems. The time series of bias in SST anomalies of GIOMAS relative to OI SST in 
the range of 65°S-40°S (there is basically no sea ice in that region all year round) during 
2013-2018 are displayed in RFig. 5. In general, the bias of GIOMAS SST is positive 
before 2014 (i.e., mean bias before 2014 is 0.02 °C) and negative after 2014 (i.e., mean 
bias after 2014 is -0.05 °C), which is roughly related to the underestimation in the 
positive SIV trend before November 2013 and negative SIV trend after November 2013 
since higher SST would slow down the increase of SIV while lower SST would slow 
down the decrease of SIV. The result indicates there can be a relationship between 
the differences in the trends of SIV anomalies and the differences in SST between 
GIOMAS and observations. However, this relationship needs further verification and 
quantification and further analysis is added to our future work plan. 

In the revised manuscript, we gave the numbers for the trends of SIV anomalies 
and added the primary analysis about the relationship between the difference in 
SST and the difference in the trend of SIV anomalies between GIOMAS and 
observations to the discussion. 
 

 

RFig. 5 The biases (GIOMAS minus observations) of monthly SST anomalies between 



GIOMAS and Microwave OISST observations from the Remote Sensing Systems in 
the range of 65°S-40°S during 2003-2018. The biases are processed using a 12-month 
running average method to eliminate the seasonal signals. The black line represents the 
bias is 0. 
 
14. p 6 l 176f: The variability of SIT anomalies in satellite observations quite probably 

have a contribution from measurement noise, which the model should not try to 
imitate/simulate. Can you offer some comment or quantification on that point? 

Response: 
Thanks for your comment. We agree that the uncertainty of satellite observations 

would influence the conclusion of the evaluation in the variability of SIT anomalies 
especially in the regions dominated by undeformed sea ice. However, in the highly 
deformed sea-ice regions such as ULS 206, the difference between GIOMAS and 
satellite observations is significant (i.e., the RMSE between GIOMAS and ES SIT at 
ULS 206 is 3.19 m while the uncertainty is 2.04 m). Meanwhile, since the uncertainty 
of satellite observations is expected to be large due to the difficulties with the estimation 
of snow depth and density in the Antarctic (personal communication with Robert 
Ricker), the difference between GIOMAS and satellite observations cannot be ignored 
even if it is smaller than the uncertainty in some regions. 

In the revised manuscript, we added more discussions about the influence of 
the measurement noise of satellite observations on the difference in the variability 
of SIT between GIOMAS and satellite. 
 
15. p 6 l 180 ("... which is consistent with Fig. 4b."): This looks like a mistake. Figure 

4b shows difference in mean not difference in variability. Please clarify and correct. 
Response: 

We are sorry about that mistake. In the revised manuscript, we rephrased the 
sentence as follows: “The spatial distribution of differences in variability is roughly 
consistent with that of the SIT differences in Fig. 4b”. 
 
16. p 6 l 181: I agree there appears to be a relationship to some extent, but the authors 

might be over-simplifying this relationship. Look at ULS 232: GIOMAS 
underestimates variability by a factor of 3, but has no bias. To clarify this, can we 
please have a scatter plot of standard deviation ratio GIOMAS/satellite versus mean 
bias? 

Response: 
Thanks for your comment. It needs to be stated that GIOMAS underestimates the 

climatology of SIT at ULS 232 though the bias is smaller than those at other sites in the 
deformed sea-ice regions. To further verify this relationship, a scatter plot with standard 
deviation ratio/SIT bias is provided in RFig. 6 as suggested. The standard deviation 
ratio of SIT is computed from GIOMAS/satellite and the bias of SIT is computed from 
GIOMAS minus satellite during their coincident segment (i.e., 2002-2011 for ES and 
2010-2017 for CS2). The proportions of the dots with negative bias and ratio within 0-
1 are 69% for GIOMAS/ES (RFig. 6a) and 82% for GIOMAS/CS2 (RFig. 6b). It 



implies that in most cases, with a negative bias, GIOMAS tends to underestimate 
the variability of SIT. 

Thus, we provided RFig. 6 as a supplement for the manuscript to further 
verify this relationship, added some descriptions for the supplement and revised 
the conclusion related to the relationship between the bias and variability of SIT 
in the revised manuscript. 
 

 

RFig. 6 The scatter plot with standard deviations ratio/SIT bias for GIOMAS/ES (a) 
and GIOMAS/CS2 (b). The standard deviation ratio of SIT is computed from 
GIOMAS/satellite observations and the bias of SIT is computed from GIOMAS minus 
satellite observations. The standard deviations and the biases are calculated based on 
the SIT time series of GIOMAS and satellite observations in each grid cell. Red solid 
lines are linear regression lines and the black solid lines mean the ratio is 1. The 
percentages denote the proportion of the dots with negative bias and ratio less than 1. 
 
17. end of section 3: I am not clear what the reader should take away from the frequency 

comparison. Can you please add a paragraph with the conclusions? 
Response: 

Thanks a lot for pointing this out. Based on the frequency comparison between 
GIOMAS and ship-based observations, GIOMAS tends to overestimate SIT between 
0.6-1.8 m in the Southern Ocean under the premise that ship-based observations always 
bias low (Timmermann et al., 2004; Williams et al., 2015). Besides, the comparison 
between GIOMAS and air-based observations further verifies the weakness of 
GIOMAS in the simulation of sea-ice deformation. 

In the revised manuscript, we added a conclusion to the frequency comparison 
as described above. 
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