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The sea ice formation and dissipation processes are complicated and involve many factors and mechanisms, from the basal growth/melting, the frazil ice formation, the snow ice processes to the dynamic process, etc. The contribution of different factors to the sea ice extent among different models over the Antarctic region has not been systematically evaluated. In this study, we evaluate and quantify the uncertainties of different contributors to the Antarctic Sea ice mass budget among 15 models from the Coupled Model Intercomparison Project Phase 6 (CMIP6). Results show that the simulated total Antarctic Sea ice mass budget is primarily adjusted by the basal growth/melting terms, the frazil ice formation term and the snow-ice term, whereas the top melting terms, the lateral melting terms, the dynamic process and the evaporation process play secondary roles. In addition, while recent studies indicated that the contributors of the Arctic Sea ice formation/dissipation processes show strong coherency among different CMIP models, our results revealed a significant model diversity over the Antarctic region, indicating that the uncertainties of the sea ice formation and dissipation are still considerable in these state-of-the-art climate models. The largest uncertainties appear in the snow ice formation, the basal melting and the top melting terms, whose spread among different models is of the same order of magnitude as the multi-model mean. In some models, large positive bias in the snow ice terms may neutralize the strong negative bias of the basal/top melting terms, resulting in a similar value of the total Antarctic Sea ice area compared with other models, yet with an inaccurate physical process. The uncertainties in these Antarctic Sea ice formation/dissipation terms highlight the importance of further improving the sea ice dynamical and parameterization processes in the state-of-the-art models.
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INTRODUCTION

The Arctic/Antarctic Sea ice plays an important role in the global climate system. Sea ice variability may largely contribute to the surface albedo (Hall, 2004; Perovich et al., 2007), the atmosphere-ocean heat fluxes (Heil et al., 1996), the formation of the deep water and further the deep ocean overturing circulations (Pellichero et al., 2018). A series of recent works focused on the variabilities of polar sea ice (Stroeve et al., 2007; Cavalieri and Parkinson, 2008; Parkinson and Cavalieri, 2008, 2012; Comiso et al., 2011; Johannessen et al., 2016; Lind et al., 2018; Chemke and Polvani, 2020; SIMIP Community, 2020). E.g., recent studies evaluated simulation results of the Arctic Sea ice mass budget, indicating that the contribution of each factor has strong coherency among different Coupled Model Intercomparison Project Phase 6 (CMIP6) models (Keen et al., 2021). However, relatively fewer studies paid attention to the mass budget of Antarctic Sea ice simulated in the state-of-the art climate models. Previous studies have demonstrated clear seasonality in Antarctic Sea ice extent, which oscillated between 3.1 × 106 km2 in February and 18.5 × 106 km2 in September (Parkinson and Cavalieri, 2008, 2012). The Antarctic Sea ice extent experienced a long-term increase (Parkinson and Cavalieri, 2012; Comiso et al., 2017) by about 1.7 ± 0.2%/dec, followed by a sudden loss after 2015 (De Santis et al., 2017; Kusahara et al., 2018). It reached the maximum in September 2014 since 1978 with the extent exceeding 20 × 106 km2 (Comiso et al., 2017). However, long-term variation of sea ice extent (SIE) was not consistent in all regions. The Bellingshausen/Amundsen Sea (BAS) had a negative (−3.6%) trend despite that all other regions exhibited a positive trend or remained stable from 1979 to 2015, and the largest positive trend was found in the Ross sector (4.5%) (Comiso et al., 2017). On the other hand, the sea ice thickness is another important property, which varies in seasons and plays an important role in the Antarctic ice budget (Worby et al., 2008; Kurtz and Markus, 2012). Although the ship-based and the recently launched satellite observations (Worby et al., 2008; Kurtz and Markus, 2012) provided some useful information about the Antarctic Sea ice thickness, we still do not have long-lasting measurement of the entire Antarctic sea ice thickness to study the ice mass budget (Paul et al., 2018), leaving the numerical models the most important tools to investigate the Antarctic Sea ice mass balance, as well as the role of each influencing factor.

The coupled global climate model is a widely used tool in studying Antarctic Sea ice variability (Yang et al., 2016; Timmermann et al., 2017; Schroeter et al., 2018; Boucher et al., 2020; Danabasoglu et al., 2020; DuVivier et al., 2020). The Coupled Model Intercomparison Project (CMIP) provides an ideal testbed to evaluate the sea ice mass budget and its uncertainties among different models. However, the simulated Antarctic Sea ice has large biases in comparison to the observations (Hosking et al., 2013). The trend of CMIP5 multi-model ensemble mean SIE shows a clear decrease by −3.36 ± 0.15 × 105 km2 decade–1 (Shu et al., 2015). By contrast, the multi-model mean of CMIP3 also show a decreasing trend by −1.23 × 105 km2 per decade (Arzel et al., 2006), which is opposite to the slight increase in observations (Mahlstein et al., 2013; Gagné et al., 2015; Shu et al., 2015). The annual cycle of SIEs simulated by the CMIP5 models are quite different as well (Hosking et al., 2013), with the simulation results of each month varying greatly between different models (Hosking et al., 2013; Shu et al., 2015).

The biases in the simulated Antarctic Sea ice concentration and thickness may be potentially attributed to several physical processes, part of which is associated with the atmosphere-sea ice-ocean interactions (Turner et al., 2015; Meehl et al., 2016; Schroeter et al., 2017; Chemke and Polvani, 2020). To understand the reasons of the biases and the diversity of the simulated Antarctic Sea ice, we evaluate the sea ice mass budget in 15 Sea-ice Model Intercomparison Project (SIMIP) models under the CMIP6 project. In particular, we focus on the multi-model mean and the inter-model-spread of eight individual contributors of the sea ice mass budgets (Notz et al., 2016), including the basal growth terms, the frazil ice formation terms, the snow ice terms, the dynamic terms, the lateral melting terms, the basal melting terms, the top melting terms and the evaporation terms (the definitions of the Antarctic Sea ice mass budget terms are listed in Table 1).


TABLE 1. Definitions of the Antarctic sea ice mass budget items.
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The rest of this paper proceeds with the following parts. The second part is a description of the selected data and models. The third part is the intercomparison of the Antarctic Sea ice area and mass simulation in CMIP6. The fourth part is the representation of the mean mass budgets in Antarctica. In the fifth part, we summarize the main findings of this work with an outlook. The last part is the discussion of this paper.



DATA AND METHOD

In this study, 15 models are selected to compare changes in the physical processes of each contributors of the Antarctic Sea ice mass balance. Details of these models are listed in Table 2. The results of these models are downloaded from the SIMIP historical simulations1. Detail calculation method of each sea ice variables are shown in Vancoppenolle et al. (2009). To further study the sea ice balance over different regions around Antarctica, we divided the Southern Ocean into five sectors (Figure 1C): the Indian Ocean (IO) sector, (25–90°E), the Western Pacific Ocean (WP) sector (90–150°W); the Ross Sea (RS) sector (150–145°W); the BAS sector (145–60°W); and the Weddell Sea (WS) sector (60–25°E). The names and detailed information of each factors of the sea ice mass budgets are listed in Table 1, following the definition of Notz et al. (2016). In this study, we also used satellite-based observations of the sea ice concentrations as a reference. The Sea ice Concentration data are the merged satellite data from GSFC NASA Team/Bootstrap, from January 1979 to December 2014 (NSIDC) (Meier et al., 2017)2. In terms of sea ice mass, there is no long-term observational data available; therefore, this paper uses the multi-model mean as a benchmark for comparing simulated differences in sea ice mass.


TABLE 2. Information about all CMIP6 models used in this study, including summaries of model subcomponents and resolutions (sea ice).
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FIGURE 1. (A) The annual mean sea ice concentration (unit:1) from the NSIDC satellite observation data for 1979–2014 in February [(B) is in September]. According to the trend, the South Pole is divided into five sectors, and their names and ranges of the sectors are shown in panel (C).


The type of contributors and factors that affect sea ice change can be simply classified according to whether it forms or melts the sea ice. The basal growth processes, the frazil ice formation processes and snow ice processes are the three terms of sea ice formation (Singh et al., 2020). Because of the snow cover and the low sea surface temperature in the Antarctic region, all three sea ice formation processes account for a considerable proportion of the ice growth. The frazil ice formation is a complex phenomenon caused by the supercooling of the sea water (Osterkamp and Gosink, 1983). Meanwhile, the snow on top of the Antarctic Sea ice affects the sea ice formation, as the weight of snow causes the sea ice to sink and thus accelerates snow-to-ice transformation (Maksym and Markus, 2008). The ice growth is also caused by the vertical growing processes at the bottom of the sea ice (basal growth processes). The other four terms, except for the dynamical process, all lead to sea ice dissipation. The snow cover also slows down the surface melting processes of the sea ice; therefore, Antarctic Sea ice melts mostly at the bottom. The dynamic processes only affect the transport of sea ice in the Antarctica. The influence of the dynamic processes (causing sea ice growth or decline) is determined by the regions of sea ice.

The box and whisker plot gives a quantification of the diversity between Antarctic mass budget terms. The box is drawn from the 25th percentile of the datasets (the first quartile, Q1) to the 75th percentile of the datasets (the third quartile, Q3). The difference between the Q3 and Q1 is referred to as the interquartile range (IQR), which can be used to define outliers with exceeding the range between Q3+1.5 × IQR and Q1−1.5 × IQR. Upper and lower whiskers are the highest and the lowest data point excluding outliers respectively. The difference between the upper whisker and the lower whisker represent the full inter-model diversity of the Antarctic mass budget terms. The multi-models mean in Figures 6 and 10 do not include outliers.



VARIABILITY OF THE ANTARCTIC SEA ICE AMONG CMIP6 MODELS

Both the area and the total mass of the Antarctic Sea ice show clear seasonal features. As shown in Figures 1A,B, the Antarctic Sea ice extent usually reaches its lowest value in February, with a total area of ∼2.2 million km2, and the maximum extent in September, with the total area of about 16.4 million km2.

We compare the simulated Antarctic Sea ice area of CMIP6 models with the observations. A low bias of the total sea ice area (thick blue curve in Figure 2) appears in all models in February, compared to the observations (thick black curve in Figure 2). Most models can simulate multi-year ice in the WS and RS, but the sea ice in the BAS will not reproduce the extent as we see in the satellite data in February (Figure 3). The diversity among different models increases in September. The September sea ice areas are higher than the observation in only two models (IPSL-CMA6-LR and MRI-ESM2-0), with all other models showing a smaller sea ice area, and the sea ice area in NorESM2-LM, NorESM2-MM, HadGEM3-GC31-MM, and EC-Earth3 are even less than 75% of the observation. Most models (the panels 1–4, 6–9, 11–15 in the Figure 4) suffer from a low-bias of the sea ice concentration over the IO sector in comparison to the observation (panel 16 in Figure 4), with the above four models (panel 6, 7, 9, 11 in Figure 4) suffering from a severer sea ice bias over the WS sector.
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FIGURE 2. The seasonal cycles of Antarctic Sea ice area from 1979 to 2014 for CMIP6 models (The bold black line represents satellite observations provided by the NSIDC, whereas the thick blue line indicates multi-model means result).
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FIGURE 3. The mean sea ice concentration (unit:1) from CMIP6 models in February (the month with the smallest sea ice area) in the Southern Hemisphere from 1979 to 2014. The last panel (16) indicates the NSIDC satellite observation results.
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FIGURE 4. The mean sea ice concentration (unit:1) from CMIP6 models in September (the month with the biggest sea ice area) in the Southern Hemisphere from 1979 to 2014. The last panel (16) indicates the NSIDC satellite observation results.


As shown in Figure 5, the sea ice mass of the CMIP6 models is also compared with the multi-model mean. The simulated sea ice mass in some models, such as EC-Earth3, GISS-E2-1-G, GISS-E2-1-G-CC, and CNRM-CM6-1 is lower than 75% of the multi-model mean (thick blue curve in Figure 5) in every month. The October sea ice mass in only one model (IPSL-CMA6-LR) is higher than 125% of that of the observation. The February sea ice mass results show a smaller diversity among most of the models (the models with sea ice mass higher than 75% of observations).
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FIGURE 5. Seasonal cycles of Antarctic sea ice mass from 1979 to 2014 for CMIP6 models. The thick blue line indicates multi-model mean.


Above all, both the area and the total mass reach their lowest value in summer, and their maximum value in spring. However, some models with larger sea ice area tend to have relatively thin sea ice (such as MRI-ESM2-0 GISS-E2-1-G, GISS-E2-1-G-CC, and CNRM-CM6-1) or the other way around (such as NorESM2-LM, NorESM2-MM, and HadGEM3-GC31-MM). As a result, the models with higher sea ice areas (the dark green curve, the light brown curve, the light green curve and the orange curve in Figure 2) may not always have higher sea ice mass (the same curves in Figure 5).



CMIP6 MEAN SEA ICE MASS BUDGET IN ANTARCTICA

We first estimate the contributions of each sea ice formation and melting term to the total Antarctic Sea ice mass budget. Because of the lack of observations of the sea ice mass budget, we quantify the relative importance of each factor using the multi-model mean and evaluate the uncertainty of each factor using the inter-model spread. Three processes contribute to the ice growth, including the basal growth terms, the frazil ice formation terms, and the snow ice terms. In these factors, the basal growth dominates the sea ice increase over the Antarctic (Figure 6), which accounts for ∼50% (ranging from ∼26% to ∼80% among different models) of the total growth. The effects of the other two factors are comparable. The frazil ice formation accounts for ∼26% (∼5% to ∼48%) of the total sea ice increase, with snow ice processes accounting for ∼24% (∼0.6% to ∼33%). The ice dissipation is controlled by four other processes, namely the lateral melting term, the top melting term, the basal melting term and the evaporation term. Among these factors, ∼89% (∼36% to ∼97%) of the annual mean ice loss is caused by the basal melting process, and ∼5% (∼0.3% to ∼64%) by melting at the ice surface. The lateral melting only account for ∼4% (∼0.07% to ∼13.5%) of the ice loss, with the evaporation processes accounting for less than 1% (∼0.01% to ∼6.4%).
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FIGURE 6. The annual mean values of the multi-model mean sea ice mass budget in the Antarctic. The data are summed over the area south of the 45°S for the period of 1979 to 2014. The black diamonds represent outliers. The name of each of these model is given in Table 2.


We further evaluate the diversity of each factor among different models, which represents, to some extent, the uncertainty of these growth and melting processes. Three factors, including the basal melting process, the snow ice process and the top melting process, show a larger diversity among different models. The basal melting term of the multi-model mean is about −19.9 ± 3.4 × 103 (95% confidence interval) Gt/year. The difference between the maximum (upper whisker) and the minimum (lower whisker) amount of sea ice loss produced by the basal melting is about −21.0 × 103 Gt/year, reaching 105% of the multi-model mean. The diversity in snow ice process is even larger compared to the basal melting process. The multi-model mean snow ice process is about 4.8 ± 2.0 × 103 Gt/year. The difference between the models with the strongest snow ice process and those with the weakest is 12.0 × 103 Gt/year, reaching 250% of the multi-model mean. The value of the multi-model mean top melting term is about −1.27 ± 0.87 × 103 Gt/year, with the range between the strongest and the weakest models of reaching about 350% of the multi-model mean (−4.45 × 103 Gt/year).

In addition, the sea ice formation and melting processes of some models are considered as an outlier. The outliers usually refer to the models with Antarctic Sea ice mass budget exceeding the range between Q3+1.5 × IQR and Q1−1.5 × IQR. These outliers are also evaluated, as shown in Figure 6. Three factors, including the basal growth, the frazil ice formation and the top melting terms have outlier models. The multi-model mean basal growth process in CMIP6 is about 10.2 ± 0.8 × 103 Gt/year. The basal growth process in EC-Earth3 is 3.4 × 103 Gt/year, less than 34.5% of the multi-model mean. The basal growth term in GISS-E2-1-H is 25.7 × 103 Gt/year, higher than 151% of the multi-model mean, while that of the CNRM-CM6-1 reaches 61.3 × 103 Gt/year, higher than 600% of the multi-model mean. The value of the multi-model mean frazil ice formation process is about 5.2 ± 0.4 × 103 Gt/year. The frazil ice formation term in MRI-ESM2 (IPSL-CM6A-LR) is about 10.9 × 103 Gt/year (14.4 × 103 Gt/year), reaching 210% (280%) of the multi-model mean. The top melting process of the multi-model mean is about −1.27 ± 0.87 × 103 Gt/year. The top melting term in the GISS-E2-1-H is about −12.3 × 103 Gt/year, larger than 960% of the multi-model mean, while that of the CNRM-CM6-1 is even higher than 39 times of the multi-model mean (−50 × 103 Gt/year).

We further quantify the diversity of each CMIP6 model from the multi-model mean values, to further classify the simulation skill of these CMIP models in reproducing each sea ice formation and melting processes, as well as the agreement between different models, as shown in Table 3 and Figure 7. In Table 3, those terms (of each model) within (±) one standard deviation from the multi-model mean value are marked as green, with those terms larger than +1 standard deviation marked in red, and those smaller than −1 standard deviation marked in blue. In addition, the terms with a very large difference from the multi-model mean are considered as outliers (similar to those in Figure 6) and marked in black (the RMSE of each model compared to the multi-model mean are also showed in Table 3). The panels in Figure 7 with “!” indicate the models with at least one mass budget term (s) higher or lower than (±) one standard deviation, with “∗” representing those models (the models with black numbers in Table 3) have one or more outlier terms. Largest uncertainty among different models appears in two terms, namely the snow ice and the basal melting, with four and five models (in 15) out of one standard deviation from the multi-model mean. The snow ice terms in the CNRM-CM6-1 are larger than +1 standard deviation from multi-model mean, while that of the three GISS models are less than −1 standard deviation (the RMSE of these four models are larger than 5.1 × 103 Gt/year). On the other hand, the values of the basal melting terms in the CNRM-CM6-1 and the IPSL-CM6A-LR are also higher than +1 standard deviation from multi-model mean, while those of the GISS-E2-1-G, GISS-E2-1-G-CC, and EC-Earth3 are smaller than −1 standard deviation (the RMSE of these five models are larger than 8.1 × 103 Gt/year). All mass budget terms in the CESM models, NorESM2-LM, NorESM2-MM, HadGEM3-GC31-MM, and HadGEM3-GC31-LL are within one standard deviation from the multi-model mean. In most of these models, the ice formation is dominated by basal growth term, as revealed above using the multi-model mean values. However, in EC-Earth3, IPSL-CM6A-LR, and MRI-ESM2-0, the largest ice growth term is the frazil ice formation, highlighting the uncertainty in the ice formation processes around Antarctica, which require further investigation with the development of both models and observations. As revealed above, several models have outlier terms in basal growth, the frazil ice formation and the top melting processes. In contrast, good agreements appear in these processes among the other models (green). In particular, the CNRM-CM6-1 suffers from two outlier terms in the basal growth and the top melting processes, while the snow ice and the basal melting terms of this model also exceeding the range of the ±1 standard deviation from the multi-model mean. The positive bias in the basal growth and the snow ice terms may balance the negative bias of the top/basal melting terms in the CNRM-CM6-1.


TABLE 3. The correlation coefficient (unit: 1) between representative mass budgets (the mass budgets terms with a great contribution to the sea ice change or the terms with a large diversity) and the sea ice area for each model.
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TABLE 3. continued. the RMSE (unit: 1) of each model compared to the multi-model mean.
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FIGURE 7. Annual mean of sea ice mass budget in the Antarctic for the period of 1979–2014, for each model. The data are summed over the area south of the 45°S. The “!” indicate the models with at least one mass budget term(s) higher or lower than ± one standard deviation. The “*” indicates that mass budget of the model has outliers.


We further evaluate the correlation between most of the mass budget terms (the terms with large diversity or great contribution to the sea ice change as discussed above) and the Antarctic Sea ice area, as shown in Table 4. The terms of each model with P-value less than 0.05 (statistically significant) are marked in green, whereas other terms are marked in red. The correlation coefficients between the basal growth/melting and sea ice area are statistically significant in all models. The basal growth terms and the ice area have a strong positive correlation among all models, with the HadGEM3-GC31-LL showing the highest correlation coefficient, reaching 0.98. The correlation coefficient of the basal growth is the lowest in the NorESM2-LM, still reaching 0.52. Meanwhile, the basal melting terms and the ice area have a strong negative correlation in all models. The correlation coefficient between basal melting terms and ice area ranges from −0.5 (NorESM2-LM) to −0.94 (HadGEM3-GC31-LL). However, the correlation coefficients for frazil ice formation are not statistically significant in the CESM2, CESM2-FV2, and NorESM2-MM, with other models ranging from 0.35 (CESM2-WACCM) to 0.93 (HadGEM3-GC31-LL). The correlation coefficients of snow ice terms are not statistically significant in the NorESM2-LM as well, whereas in other models they range from 0.38 (CESM2-WACCM-FV2) to 0.83 (HadGEM3-GC31-MM). The correlation coefficients of top melting terms are not statistically significant in seven models (the models in red), with other models ranging from −0.37 (EC-Earth3) to −0.89 (GISS-E2-1-H).


TABLE 4. The mass budgets (unit: Gt × 103) for each model.
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Figure 8 shows the seasonal cycles of the multi-model mean mass budget terms, during the period from 1979 to 2014. The black line shows the tendency of the total ice mass for each month, illustrating a net ice melt from September to February (Figure 8, black curve less than 0), and a net ice growth from March to August (larger than 0). The maximum value of ice formation occurs in May. Most of terms have similar seasonal cycle as the total sea ice melt and formation term (black line). However, the seasonal cycle of the basal growth/melt (Figure 8, blue/dark green curves) and the snow ice (yellow curve) terms show different cycles from that of the total tendency (black curve), with a clear phase shift. This is because the basal growth/melting processes and the snow ice processes happen on the upper-bottom surface of the sea ice, making them depending critically on the total area of the Antarctic Sea ice. In the austral summer, when the total sea ice area is relatively small, the total growing (melting) rates of these terms are also reduced and vice versa.
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FIGURE 8. The seasonal cycle of the multi-model mean sea ice mass budget in the Antarctic. The value is summed over the area south of the 45°S for the period of 1979–2014.


We further estimate the seasonality of these mass budget terms in each CMIP6 model, as shown in Figure 9. The peak season of the frazil ice formation and the basal growth usually occur in the same season in each model. In the CESM model, the GISS-E2-1-G and the GISS-E2-1-G-CC, the peak season of the basal growth and the frazil ice formation terms appear in May, whereas the other models appear in July. The bottom melting processes of NorESM2-LM, NorESM2-MM, GISS-E2-1-G, GISS-E2-1-G-CC, and EC-Earth3 begin to slow down after the austral spring. This could explain why the annual mean of the basal melting terms of these models is weaker than that of the other models. The seasonal cycle of the mass budget terms of CNRM-CM6-1 and GISS-E2-1-H is quite different compared to the other models. However, in each month, The positive bias in the basal growth terms may neutralize the strong negative bias of the basal/top melting terms in the GISS-E2-1-H and the CNRM-CM6-1.
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FIGURE 9. The seasonal cycle of monthly mean sea ice mass budget in the Antarctica, for the period of 1979–2014 for each model. The values are summed over the area south of the 45°S.


Overall, the basal growth terms dominate the sea ice increase over the Antarctic, with the snow ice process and the frazil ice formation also showing a large contribution. The largest contributor of the sea ice loss is the basal melting terms. Three factors, namely the basal melting process, the snow ice process and the top melting process, show a larger diversity among different models. The difference between the results of the models with the strongest basal melting process and those with the weakest reaches 105% of the multi-model mean, while that of the snow ice terms and the top melting terms reaches 250% and 350%, respectively. The outliers of the CMIP6 models mainly appear in the basal growth, the frazil ice formation and the top melting terms. The basal growth process in EC-Earth3 is less than 34.5% of the multi-model mean, while that of the GISS-E2-1-H and the CNRM-CM6-1 is higher than 151% and 600% of the multi-model mean, respectively. The frazil ice formation term in MRI-ESM2 (IPSL-CM6A-LR) reaches 210% (280%) of the multi-model mean. The top melting term in the GISS-E2-1-H is larger than the 960% of the multi-model mean, while that of the CNRM-CM6-1 is even higher than 39 times of the multi-model mean.

As shown in Figure 2, most models can well reproduce the annual Antarctic Sea ice change, but the difference is distinct between the models in September. The September sea ice areas are higher than observation in only two models (IPSL-CMA6-LR and MRI-ESM2-0). As discussed above, the frazil ice formation processes of the IPSL-CM6A-LR and the MRI-ESM2-0 models are considered as outliers. However there are no outliers in the melting terms of the IPSL-CM6A-LR and the MRI-ESM2-0 to balance the diversity on the formation terms, which may cause the positive bias of the sea ice area of these models. The sea ice area in NorESM2-LM, NorESM2-MM, HadGEM3-GC31-MM, and EC-Earth3 is less than observation in September. As shown in the Figure 7 and Table 3, the basal growth of the EC-Earth3 are less than 34.5% of the multi-model mean. The bottom melting processes of NorESM2-LM, NorESM2-MM, and EC-Earth3 begin to slow down after the austral spring (Figure 9), which may also cause the low bias in the sea ice area of these models.

We further evaluate the diversity of each factor among different sea ice modules, as shown in Table 2 and Figure 7. The total ice growth is dominated by the frazil ice formation term in the models with NEMO-LIM3 and MRI.COM4.4 sea ice modules, such as the MRI-ESM2-0, EC-Earth3, and the IPSL-CM6A-LR, while those of the other models are dominated by the basal growth processes. All mass budget terms in the CESM models, NorESM2-LM, NorESM2-MM, HadGEM3-GC31-MM, and HadGEM3-GC31-LL are within one standard deviation of the multi-model mean, which also correspond to the models with CICE sea ice module. As revealed above, the diversity of the GISS models and the CNRM-CM6-1 is quite large compared to the other models. The sea ice module of the GISS models and the CNRM-CM6-1 is different from most of the CMIP6 models as well.

We also investigate the regionality of each sea ice formation and melting terms in the CMIP6 models by calculating the contribution of these processes among different sectors, as shown in Figure 10. The Antarctic Sea ice formation is still dominated by basal growth term in each sector. The contribution of the basal growth term varies considerably among different sectors, with the RS sector showing the highest contribution, accounting for ∼56% of the total growth. The contribution of the basal growth is the lowest in the WP sector, reaching ∼40% of the total growth. The contribution of frazil ice formation accounts for ∼20.6% (WS) to ∼35.2% (BAS) of the total ice growth, with snow ice process ranging for ∼20.2% (RS) to ∼27.5% (IO). The ice loss of each sector is still dominated by the basal melting terms. Among different sectors, ∼74.8% (RS) to ∼90.8% (WS) of ice loss is caused by the basal melting. The contribution of the dynamic process is quite large in the WS and the RS sectors. In the WS sector, the dynamic process causes ice formation, accounting for 13.2% of the total ice increase, whereas in the RS sector, the dynamic processes cause an ice decline, accounting for 14.1% of the total ice loss, which represent strong ice transportation among these sectors. On the other hand, the contribution of the dynamic process in the WP, BAS, and IO sectors only account for less than 5.7% of the total sea ice change.
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FIGURE 10. Annual mean (multi-model mean) sea ice mass budget in the different sectors, for the period of 1979–2014. A red diamond indicates a new outlier in the area.


We further evaluate the diversity of each factor among different sectors. As discussed above, three processes (the snow ice process, the basal melting processes and the top melting process) show large diversity among different models around Antarctica. The uncertainty of the basal melting and the snow ice processes are the largest in the WS sector. The multi-model mean basal melting process in WS sector is about −65.5 ± 14.5 × 102 Gt/year. The diversity between the maximum and the minimum amount of sea ice loss produced by the basal melting reaches −87.3 × 102 Gt/year in the WS sector, higher than 133% of the multi-model mean. The multi-model mean value of the snow ice process in the WS sector reaches 13.6 ± 6.3 × 102 Gt/year. The difference between the models with the strongest snow ice process and those with the weakest is about 41.2 × 102 Gt/year in the WS sector (303% of the multi-model mean). The largest diversity of the top melting process appears in the IO sector. The multi-model mean value of the top melting term is about −2.3 ± 2.1 × 102 Gt/year, while the difference between the strongest and the weakest models is about 547% (−12.9 × 102 Gt/year) of the multi-model mean in the IO sector.

We also identify outliers of the Antarctic Sea ice mass budget terms among different sectors. The black and red diamonds in Figure 10 represent the outlier models of these sectors (the black ones show the outliers of the entire Antarctic, same as those in Figure 6). Three factors, including the frazil ice formation, the basal melting and the dynamic processes have additional outliers (red diamond) in different sectors. The multi-model mean frazil ice formation is about 13.7 ± 1.5 × 102 Gt/year in the WS sector. The frazil ice formation term in the EC-Earth3 is about 25.6 × 102 Gt/year (WS), reaching 188% of the multi-model mean. In the RS sector, the value of multi-model mean basal melting terms reaches −38.1 ± 3.9 × 102 Gt/year. The basal melting terms of the IPSL-CM6A-LR (the CNRM-CM6-1) is about −62.2 × 102 Gt/year (−58.2 × 102 Gt/year) in the RS sector, higher than 163% (152%) of the multi-model mean. The dynamic process of the multi-model mean is about −7.2 ± 1.5 × 102 Gt/year in the RS sector. The dynamic terms in the RS sector of the HadGEM3-GC31-MM is about −16.0 × 102 Gt/year, reaching 222% of the MMM.

Above all, the mass budget terms of Antarctic Sea ice show more diversity after being divided into five sectors, with the proportions and uncertainties varying considerably from sector to sector. The uncertainties of the snow ice term and the basal melting term are quite large in the WS sector, while the greatest diversity of the top melting process appears in the IO sector. In the dynamic process, the RS and the WS sectors have a broad agreement on Sea ice change between different models, which causes ice growth in the WS sector and ice loss in the RS sector.



CONCLUSION

In this study, we quantify the relative importance of each growth and melting process in the Antarctic Sea ice mass balance using SIMIP simulation results of 15 CMIP6 models. We then evaluate the uncertainty of these simulated factors by examining the diversity of these factors among different models, and further investigate the seasonality and regionality of these processes.

Results show that the largest contributor of the sea ice increase is the basal growth term, which reaches 10.2 ± 0.9 × 103 Gt/year among different models, and contributes to ∼50% of the total annual-mean sea ice growth. The basal growth terms and the ice area have a strong positive correlation among all CMIP6 models in the Antarctica, while the basal melting terms show a strong negative correlation. The correlation coefficients between the frazil ice formation (or the snow ice terms) and the ice area are positive as well in most of the models. Additionally, the snow ice and frazil ice formation account for a considerable proportion of the ice growth, causing a sea ice increase of 5.2 ± 0.4 × 103 Gt/year (∼23.7%) and 4.8 ± 2 × 103 Gt/year (∼26%), respectively. On the other hand, the basal melting dominates the sea ice retreat processes by contributing to −19.9 ± 3.4 × 103 Gt/year of the total sea ice mass budget, and accounting for ∼88.5% of the total annual-mean sea ice loss. The remaining melting terms, such as the top melting terms, the lateral melting and the evaporation only account for ∼5.7%, ∼4.3%, and 1.5%, respectively.

We further evaluate the uncertainty of each process by calculating the inter-model spread of these terms. There is a good agreement of the contribution of each ice-mass budget terms between different models over the Arctic ocean (Keen et al., 2021). In contrast, strong diversity of these sea ice mass budget terms appears between different CMIP models over the Antarctic region, implying the uncertainty of the Antarctic Sea ice formation and melting processes in the state-of-the-art climate models. The largest uncertainties of the mass budget terms are the basal melting process, the snow ice process and the top melting process. The difference between the upper and the lower whiskers in the basal melting terms are greater than 105% of the multi-model mean, with the snow ice processes reaching 250% of the multi-model mean and the top melting process reaching 350%.

Some mass budget terms, such as the basal growth terms, the frazil ice formation terms and the top melting terms have outlier models (usually refer to the models with Antarctic Sea ice mass budget exceeding the range of Q3+1.5 × IQR to Q1−1.5 × IQR), indicating that the term in one model is very different from that of the other models. For example, in the models with NEMO-LIM3 and MRI.COM4.4 sea ice modules, such as IPSL-CM6A-LR, the MRI-ESM2-0, and the EC-Earth3, the total ice growth is dominated by the frazil ice formation term, while in other models it is dominated by the basal growth processes. The September sea ice areas of the IPSL-CMA6-LR and MRI-ESM2-0 are higher than those in observation, while that of the EC-Earth3 are less than 75% of the observation. It is interesting that in the GISS-E2-1-H and the CNRM-CM6-1 model, the basal growth terms are significantly overestimated in comparison with the other models, while the top melting terms are largely underestimated. These two terms balance with each other in these two models. According to these simulation results, the Antarctic Sea ice mass budget may be balanced in different ways in different models. This systematical uncertainty requires further investigation, to better quantify and to better simulation the Antarctic Sea ice processes.

The regionality and seasonality of sea ice mass budget terms are also evaluated in this study. Strong diversity of the snow ice term and the basal melting term appear in the WS sector, while the strongest uncertainty of the top melting term appears in the IO sector. The difference between the maximum and the minimum value of sea ice loss caused by the basal melting term in the WS sector reaches 133% of the multi-model mean, while that of the snow ice process reaches 303% of the multi-model mean. In the IO sector, the difference between the models with the strongest top melting process and those with the weakest reaches 547% of the multi-model mean. The snow ice processes and the basal melting processes occur on the upper/lower surface of the sea ice, making them depend critically on the total area of the Antarctic Sea ice. The bottom melting processes of NorESM2-LM, NorESM2-MM, GISS-E2-1-G, GISS-E2-1-G-CC, and EC-Earth3 become weaker after the austral spring, which may partially contribute to the diversity of this term between different models.



DISCUSSION

Overall, relatively fewer studies paid attention to the mass budget of Antarctic Sea ice simulated in the state-of-the art climate models. At present, due to the lack of long-term observations of sea ice mass budget, we can only use the spread between different CMIP6 models to represent the uncertainty of the simulated Antarctic Sea ice mass budget (Notz et al., 2016). Our results indicated that, in contrast to that over the Arctic ocean (Keen et al., 2021), the Antarctic sea ice budget terms exist strong diversity among different CMIP models, implying a big uncertainty of the Antarctic Sea ice formation and retreat processes in these models.

This study are related to many previous research (Fichefet et al., 2000; Maksym and Markus, 2008; Vancoppenolle et al., 2009; Comiso et al., 2017; De Santis et al., 2017; Keen et al., 2021; Roach et al., 2020; Singh et al., 2020). The simulation results of the Antarctic Sea ice are consistent with previous studies of the model with NEMO-LIM3 module and the CESM2 models (Vancoppenolle et al., 2009; Singh et al., 2020). The result can be used to explain why the diversity of Antarctic Sea ice area between different CMIP6 models is larger than those of the Arctic Sea ice area (Keen et al., 2021; Roach et al., 2020). The diversity of the sea ice mass budgets in the Antarctic among different sea ice models is larger than those of the Arctic as well (Keen et al., 2021). The Factors that influence snow ice processes and bottom melting processes, such as snowfall and sea surface temperature, may be responsible for large diversity of Antarctic Sea ice simulation among different models (Fichefet et al., 2000; Maksym and Markus, 2008; Comiso et al., 2017). This study further illustrates the importance of interaction between atmosphere and the sea ice or between sea ice and the ocean (Comiso et al., 2017; De Santis et al., 2017). The simulation skill of these CMIP models in reproducing the snowfall and sea surface temperature should be further test in the future. Drifting buoys is a useful tool to measure the sea ice thickness in certain region (Richter-Menge et al., 2006; Lewis et al., 2011; Wilkinson et al., 2013; Wever et al., 2020). The study of the ice-mass balance buoy can be used to determined the interface between the air, the snow, the ice, and the ocean by measuring sea ice temperatures (Wever et al., 2020). Due to the limited space of this article, The comparison between the simulation results of the CMIP6 models and the observation of ice-mass balance buoy will be studied in the future.

This study also highlights the importance of the improvement of the sea ice mass budget simulation skill around Antarctica in future climate models. In particular, continuous observations of the Antarctic Sea ice thickness and mass badgets is of great importance in improving the numerical models and thus our understanding of the Antarctic climate variability.
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number means the opposite.
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