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Abstract

:

Due to rapid global warming, the relationship between the mass loss of the Antarctic ice sheet and rising sea levels are attracting widespread attention. The Lambert–Amery glacial system is the largest drainage system in East Antarctica, and its mass balance has an important influence on the stability of the Antarctic ice sheet. In this paper, the recent ice flux in the Lambert Glacier of the Lambert–Amery system was systematically analyzed based on recently updated remote sensing data. According to Landsat-8 ice velocity data from 2018 to April 2019 and the updated Bedmachine v2 ice thickness dataset in 2021, the contribution of ice flux approximately 140 km downstream from Dome A in the Lambert Glacier area to downstream from the glacier is 8.5 ± 1.9     Gt  ·  a  − 1    , and the ice flux in the middle of the convergence region is 18.9 ± 2.9     Gt  ·  a  − 1    . The ice mass input into the Amery ice shelf through the grounding line of the whole glacier is 19.9 ± 1.3    Gt ·  a  − 1    . The ice flux output from the mainstream area of the grounding line is 19.3 ± 1.0     Gt  ·  a  − 1    . Using the annual SMB data of the regional atmospheric climate model (RACMO v2.3) as the quality input, the mass balance of the upper, middle, and lower reaches of the Lambert Glacier was analyzed. The results show that recent positive accumulation appears in the middle region of the glacier (about 74–78°S, 67–85°E) and the net accumulation of the whole glacier is 2.4 ± 3.5     Gt  ·  a  − 1    . Although the mass balance of the Lambert Glacier continues to show a positive accumulation, and the positive value in the region is decreasing compared with values obtained in early 2000.
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1. Introduction


The Antarctic ice sheet (AIS) stores approximately 90% of the world’s ice, with a total volume of approximately    2.65 ×    10  7      km  3   . If it were to melt completely, global sea levels would rise by about 57.2 m [1,2]. Satellite measurements show that the mass of the AIS is accelerating and flowing into the Southern Ocean through different drainage systems, a phenomenon that is particularly pronounced in the West Antarctic ice sheet (WAIS) [3,4,5]. The East Antarctic ice sheet (EAIS) has a volume four times greater than the ice reserves of the WAIS, and its potential impact on rising sea levels has attracted extensive attention in recent years [6,7]. The Lambert–Amery system (LAS) is the largest drainage system in EAIS, and covers an area of more than   1.6 ×   10  7      km  2   , accounting for 16% of the total area of the EAIS, and its ice reserves account for approximately 10% of the entire AIS. Therefore, this is an important region to study and understand the impact of the EAIS on current and future climate change [8,9,10]. The main components of LAS consist of three glaciers, the Fisher, Mellor, and Lambert Glaciers, collectively known as the Lambert Basin, which converge in the southern Amery ice shelf and flows into the floating ice shelf through the grounding line to become the central flow zone [11]. The Lambert Glacier has the largest output ice flux among the three, which plays an important role in evaluating the mass balance of LAS [12].



Studies on ice flux and surface mass balance (SMB) of LAS have been carried out for decades [2,6,13,14,15]. Allison (1979) calculated the ice flux flowing into the south of the Amery ice shelf by using early measured ice velocity and ice thickness data. Combined with ice and snow accumulation in the upstream region, it was estimated that the net accumulation in the Lambert basin region exceeded 30    Gt ·  a  − 1     [12]. In the following 20 years, the estimation of LAS mass balance and the measurement of surface velocity were mainly carried out around the Australian National Antarctic Research Expedition Lambert Glacier Basin (ANARE LGB) traverse. The location of the ANARE LGB traverse is shown in Figure 1. Fricker et al. (2000) calculated the ice flux through the LGB Traverse as 44    Gt ·  a  − 1     by using in situ measurement data of ANARE traverse over five seasons from 1989 to 1995, and estimated the net accumulation variation ranged from −15.3     Gt  ·  a  − 1     to +8.8     Gt  ·  a  − 1     [16]. At the beginning of the 21st century, with the development of remote sensing technologies such as laser altimeters, interferometric synthetic aperture radars (SAR), and Global Positioning Systems (GPS), the measurement capabilities of Antarctic surface velocity and grounding line positions have been greatly improved [17,18]. Wen et al. (2007) used multi-source satellite elevation data to deduce ice thickness at the upstream grounding line of Amery ice shelf by the method of hydrostatic balance, and then calculated the ice flux output in the Lambert basin by combining ice velocity data of the Modified Antarctic Mapping Mission (MAMM) project in autumn 2000 as 54.0 ± 5.4     Gt  ·  a  − 1     [2]. Yu et al. (2010) and Wen et al. (2014) used Bedmap data [19] and Bedmap2 data [20], respectively, and combined the ice velocity data of the MAMM project in different periods to obtain values of the ice fluxes of the Lambert basin. Their results were 38.9 ± 2.8     Gt  ·  a  − 1     and 38.3 ± 2.8     Gt  ·  a  − 1     [10,15]. The most recent large-scale mass balance estimation in the LAS system was performed by Cui et al. (2020) using in situ measurements from the Chinese National Antarctic Research Expedition (CHINARE) DT traverse, a traverse connecting Dome A to Zhongshan Station, to calculate the total ice flux in the upper Amery eastern basin as 20.9 ± 1.9    Gt ·  a  − 1     [6]. The location of the CHINARE DT traverse is shown in the right side image in Figure 1.



However, the aforementioned ice velocity data used to study the ice flux of LAS were obtained over a decade ago. For example, Cui et al. used the measured ice velocity data from 1997 to 2005 and the MAMM ice velocity data from 2007 to 2009, while ice velocity data from other studies were gathered earlier [6]. Meanwhile, the ice thickness data used in previous studies do not match the grid resolution of ice velocity data due to the limitations of previous datasets or field acquisition methods. Moreover, these studies focused on the downstream or upstream ice flux output of some glaciers in LAS and lacked investigations on the movement change of glaciers from upstream to downstream during the same period.



In addition to the study of mass balance on LAS, recent research on the mass balance of AIS was carried out on a larger spatial scale. The Ice Sheet Mass Balance Inter-comparison Exercise (IMBIE) team conducted mass balance assessments on the EAIS, WAIS, and Antarctic Peninsula Ice Sheet (APIS). It was illustrated that the temporal variability of the Antarctic surface mass balance was stable, and the mass loss from AIS was mainly caused by increased solid-ice discharge into the ocean. By combining RACMO2.3, it was concluded that although the EAIS was stable from 1992 to 2017 (5 ± 46     Gt  ·  a  − 1    ), there was great uncertainty in numerical estimation [21]. Moreover, Rignot et al. re-evaluated the mass balance of the entire AIS from 1979 to 2017 and concluded that the mass balance of the Amery was roughly stable. From the research, the total ice flux in the Amery region from 2007 to 2008 was estimated to be 76.4     Gt  ·  a  − 1    , and the total SMB was estimated to be 85.7    Gt ·  a  − 1     by using the average SMB data of RACMO2.3 from 1978 to 2008 [1]. The results of both studies were restated in the Intergovernmental Panel on Climate Change (IPCC) report of August 2021 [22]. It can be seen that few studies exist on the mass balance of important small-scale glaciers, and the mass balance estimation in the EAIS has remained highly uncertain over the last 30 years. By studying a single important glacier, these uncertainties may be refined.
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Figure 1. The location of the study area in Antarctica is indicated by the red box at the top left. Right: The three ice gates Gate 1, Gate 2, and Gate 3 defined in this paper are all represented by black dotted lines, and the starting point and ending points are (A1, A2), (B1, B2), and (C1, C2), respectively. The enlarged view on the black dotted line is a schematic of the ice gate. The orange grounding line is taken from the MOA 2014 Image Map (updated in 2019) [23,24]. The internal red lines were taken from the drainage basins of the 2007–2009 International Polar Years (IPY) program (2017) [25,26]. The background color is the ice velocity from Shen Qiang et al. [27]. The blue and pink dots on ANARE traverse and CHINARE DT traverse represent GPS ice flow monitoring points. Lower left: Gate 3 is created from the grounding line position of the MOA 2014, represented by a dashed red and black line [23,24]. The length of the red line beginning with C1 is thicker than the latter half, indicating the mainstream area on Gate 3. Yellow lines represent the grounding line position of IPY [25,26]. 
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In this paper, the latest updated datasets from remote sensing, airborne geophysical observations, and atmospheric climate models were used to study the changes in the ice movement in the Lambert Glacier from the upstream to the grounding line and to revisit the ice flow flux along different sections of Lambert Glacier. The area is shown by the red line demarcation in Figure 1. The ice velocity data were derived from Landsat-8 (L8) images of Antarctic observations from 2018 to 2019 [27], and the ice thickness was obtained from the recently updated BedMachine v2 dataset [28,29]. Due to the same grid resolution of ice velocity and ice thickness, the redundant interpolation matching operation was avoided, which was helpful in improving the accuracy of the estimated ice flux.




2. Materials and Methods


2.1. Data Sources


Six datasets were used to calculate the ice flux of the Lambert Glacier in East Antarctica from November 2018 to April 2019 and estimate mass balance in the study area, as shown in Table 1. The data included basin delineation, grounding line, ice surface velocity, the ice surface and ground elevation, and ice thickness. The surface ice velocity data were obtained from the Antarctic ice flow map released by Shen Qiang et al., while other datasets were gathered from the NASA Making Earth System Data Records for Use in Research Environments (MEaSUREs) program. For the input term of the mass balance, we used the semi-empirical regional atmospheric climate model (RACMO v2.3) [30] to estimate the surface mass balance (SMB) in the Lambert region. All data products were processed and calculated in the same projection/coordinate system (EPSG: 4326 GCS_WGS_1984/Polar Stereographic). At the same time, the errors of the ice flux and mass balance were quantified according to the statistical theory of error propagation [31].



2.1.1. Drainage Basin Delineation and Grounding Line


The contour of the Antarctic glacier basin has been mapped by altimeter data, satellite hyperspectral imagery, and differential satellite interferometry synthetic aperture radar (DInSAR) data [32]. In this paper, the boundary of the Lambert Glacier in Antarctica was determined using version 2 of the Antarctic Basin Map compiled during the International Polar Year 2007–2009 (IPY) [25,26]. The data were obtained from the velocity data of interferometric SAR (InSAR) [33,34] combined with Bedmap2 data [20], updated in February 2018.



Since the change at the grounding line is relatively fast, the Moa2014_grounding_line_v01 with 125 m resolution obtained by NASA using satellite remote sensing images of Antarctic summer from 2013 to 2014 was selected as the grounding line [23,24]. These data provided high-quality cloudless Antarctic ice cover image data, which were updated in January 2019.



In this study, the Lambert Glacier area was demarcated with boundary information provided by the above two data, and the polar projection coordinates were transformed into Polar Stereographic for the mapping of other geographic data.




2.1.2. Ice Velocity


The surface ice velocity data were obtained from the Antarctic surface ice flow collected by Landsat-8. Shen Qiang et al. obtained a new high-resolution (105 m × 105 m) ice velocity product, the improved Antarctic-Wide Ice Flow Maps from LandSat-8 imagery (SH19), using 80,000 Landsat-8 optical images of the Antarctic region in summer from 2013 to 2019 [27]. SH19 resulted in the noise reduction of non-local means (NLM) filter and improved the quality assessment (QA) of band filtering using two-step optimization on the previous generation product. SH19 covers most of the areas from the Antarctic coast to 82.7°S stored in 500 m × 500 m grid size [27,35]. These data provide the clearest image of ice velocity in the Antarctic ice sheet to date with a 105 m grid spacing and provide Antarctic ice velocity data for 2018–2019. The mean value of the azimuthal difference on the main streamline (fast region) of the Lambert Glacier in the study area was almost 0, and the standard deviation of speed error was less than 4    m ·  a  − 1    , which was in good agreement with the field observation [27].



The surface ice velocity is a result of glacier creep deformation and the sliding of glacier bottom, and the speed of the whole ice column changes with depth [34]. The ice movement near the grounding line is dominated by basal sliding, thus the depth-averaged velocity used to calculate the ice flux was approximately equal to the surface velocity [15]. Combined with the two points, this paper considers only the influence of the surface slope and bottom slope at Gate 1 and Gate 2 on the ice depth-averaged velocity. The data used to calculate the surface slopes was obtained from ice surface elevation data with 500m grid resolution in MEaSUREs BedMachine Antarctica v2. The surface elevation data was obtained from the Reference Elevation Model of Antarctica (REMA), updated in 2019. BedMachine 500 m grid resolution bed topography map data were used for the bottom slope. The bed topography data were obtained by subtracting ice thickness from ice surface elevation [28,29].




2.1.3. Ice Thickness


The ice thickness data used in this paper were taken from MEaSUREs BedMachine Antarctica v2. These data were mainly based on the airborne survey data from 19 different research institutions since 1967. The dataset of AIS was obtained by using the method of mass conservation, and the continuity of ice thickness at the grounding line was ensured by using the ice shelf thickness data and hydrostatic equilibrium model [28,29]. The data update was added to the ICECAP2 digital elevation model (DEM) of the CHINARE program, which collected aerogeophysical data of the southern summer from 2015 to 2019 in the Princess Elizabeth Land (PEL) [36]. This update resulted in greater accuracy of the ice thickness data of the Lambert Glacier area. The grid resolution of ice thickness data was 500 m × 500 m, which was the same as data grid of the ice velocity used in this paper, avoiding the error caused by different spatial resolutions of data.




2.1.4. Surface Mass Balance


The input data of the mass balance were derived from the SMB of the regional semi-empirical atmospheric climate model RACMO2.3 with a spatial resolution of 27 km ∗ 27 km [30]. These data were obtained from the upgraded model of RACMO2 and widely used in the SMB simulation of AIS [37]. The Lambert Glacier lacks large-scale measured surface accumulation data. There were only some scattered points and the measured snow staked along the CHINARE DT traverse in Lambert Glacier [38], which were insufficient to estimate the SMB of the whole glacier. Cui (2020a) et al. compared the SMB results of 1997–2009 obtained by RACMO2.3 with the actual observation of SMB on the DT traverse from 2005 to 2008 and found that the correlation between them was greater than 76% [6]. Therefore, this paper used RACMO2.3 from 1979 to 2016 to estimate the SMB in the Lambert Glacier area.





2.2. Method


2.2.1. Ice Flux Calculation


Combined with the ice velocity, ice thickness, and ice gate location, the two adjacent grid points on each ice gate line were set as a segment (as shown in Figure 1). The starting points of calculation were A1, B1, and C1, respectively. The sum of ice flux on all segments was the total ice flux. The calculation is shown in Formula (1) [39]:


  Q =   ∑   i = 1  N   ρ i   H i   l i    U ¯  i     



(1)




where N is the total number of segments and i is the segment number,    ρ i   ,    H i   ,    l i   , and      U i   ¯      are the components of ice density, ice thickness, segment width, and depth-averaged velocity perpendicular to the ice gate in segment i, respectively.



The slope factor needed to be considered for calculating the ice velocity inside the glacier. To avoid the influence of micro-topography, we used Kriging interpolation method to downsample the above two kinds of DEM to 30 km × 30 km using GIS platform and estimated the slope by quadratic surface fitting [6]. The depth-averaged velocities     U  ( z )   ¯    at Gate 1 and Gate 2 positions were calculated as follows:


    U  ( z )   ¯  =  U s  −   2 A   n + 1   ·  τ b n  · H +   2 A   n + 2   ·  τ b n  · H    



(2)




where A is the creep coefficient, n is the flow law exponent,    τ b  =  f ′   τ d   ,    τ d    is the shear stress,   f ′   denotes a scale factor (usually of order one), and H is the ice thickness. In this paper,   A = 9 ×   10   − 25        s    − 1       Pa   − 3    , and n = 3 [6,34,39]. Then, according to the angle between the vector direction of     U  ( z )   ¯    and the ice gate, the component      U i   ¯    perpendicular to the ice gate was obtained. The      U i   ¯    is the sine component of     U  ( z )   ¯    relative to ice gate.



To further improve the accuracy of calculated ice flux, the formula of an empirical density-depth relation was used to estimate the density    ρ i    corresponding to different thicknesses of each ice gate segment:


   ρ i  =   ∫  0 H     [  ρ −  (  ρ −  ρ s   )   e   (  − z /  z ρ   )     ]  d z / H    



(3)




where H is the ice thickness corresponding to a single segment;  ρ  is the density of the ice (  917   kg ·  m  − 3    );    ρ s    is the density of the firn layer (  400   kg ·  m  − 3    ) [40]; z is the depth;    z ρ    is a constant value, which corresponds to a characteristic depth of the firn [39,41].



The error source of ice flux came mainly from the uncertainty of ice velocity and ice thickness. The error of velocity was obtained from the error diagram provided by Shen Qiang et al. [27], and the error range was   0 – 11.2    m  ·  a  − 1    . The ice thickness error was taken from the error map of BedMachine Antarctica v2 [28,29]. As the ice thickness error in some regions was too large, the standard deviation of ice thickness error calculated by error conduction was controlled within 200 m. The error formula is:


   δ q  =   ∑   i = 1  N   Q i   (   |     δ v     V i     |  +  |     δ h     H i     |   )     



(4)




where    δ q    is the total error of ice flux,    Q i    is the ice flux of each segment, and    δ v    and    δ h    are the error values of ice velocity and thickness of each segment [31].




2.2.2. Ice Gate Location


Setting ice gates in the flow direction can simplify the mass balance calculation [15]. Based on the ice velocity and ice thickness data, the ice gates were set on the streamline with clear ice velocity variations and small ice thickness errors in Lambert Glacier. To control the error of ice flux to a small range, the standard deviation of ice thickness error on the ice gates was controlled at a maximum of no more than 200 m according to the error conduction. The locations of the ice gate are shown in Figure 1, and the latitude and longitude of the corresponding starting points and the length of the ice gate in polar coordinates are shown in Table 2. Under the two preconditions and calculation methods, the specific operation of determining positions of ice gates was as follows.



Gate 1 position: To estimate the contribution of ice movement in the upper reaches of the Lambert Glacier to the downstream ice flux, Gate 1 was determined in the southern region of the glacier. As shown in Figure 1, the ice velocity data were partially missing in this region, thus Gate 1 started from the downstream of the missing rectangular region. Lines with missing rates of ice velocity greater than 5% and standard deviation of ice thickness error greater than 100 m will be excluded. At the same time, the middle line of the three lines whose total ice flux difference between adjacent lines was ~5% is selected. Finally, the position of the ice gate was determined between points A1 and A2, a total of 1247 sections.



Gate 2 position: We determined the Gate 2 in the middle of ANARE LGB traverse and grounding line, and researched the gap between the ice flux through the middle of the convergence area and the ice flux through the grounding line. Since the uncertainty of ice thickness in this region was high, the measured lines with the standard deviation of ice thickness error greater than 200 m were firstly excluded, and then the method of determining G1 was used to calculate from the narrowest location to the upstream. Finally, the position of Gate 2 was determined to be between point B1 and B2, with a total of 280 segments.



Gate 3 position: Many studies have been conducted on the change in ice flux across the grounding line, but ice flux at the grounding line changes fast. We re-estimated the ice flux at the grounding line using the recently updated grounding line position. The different locations of the grounding line are shown in the lower left of Figure 1. The grounding line of the Lambert Glacier provided by MOA 2014 dataset was taken as the starting position, and the upstream adjacent ice gates were taken for calculation. The selection method was the same as before. Finally, Gate 3 was determined as the position of 500 m upstream of the starting position, and the ice flow through the ice gate to Amery ice shelf over the whole Gate 3 line was counted. A total of 212 segments were taken on Gate 3, of which the first 72 segments from the C1 position were obtained from the mainstream area, and the length of the mainstream area was similar to the length of the ice gate set by predecessors.




2.2.3. Surface Mass Balance Processing


The annual SMB data of RACMO2.3 from 1979 to 2016 were used to estimate the input mass of the Lambert Glacier [30]. First, we took the arithmetic average of the 38-year period from 1979 to 2016 at each point of the original RACMO2.3 data. Second, the Kriging interpolation method was used to resample the data into a grid size of 2 km   ×   2 km, and then the data of the area were cut out by using the geographic location mapping of the Lambert Glacier basin. The interpolated RACMO2.3 data points along the DT traverse in the Lambert Glacier and the in situ SMB data points compiled by Wang (2021) et al. [38] are shown in Figure 2. The mean value of the interpolated RACMO2.3 data on the Lambert Glacier was 53.98    kg /  m 2   a 1   , while the mean value of the in situ SMB data compiled by Wang et al. along the DT traverse was 55.67     kg  /  m 2   a 1   .



According to the locations of the ice gates determined above, the total SMB of the upstream region of G1, the region between G1 and G2, the region between G2 and G3, and the whole glacier in Lambert Glacier were calculated, respectively. The total SMB was equal to the corresponding annual average accumulation rate multiplied by the region’s area, and the error was 20% of the SMB [42,43]. Finally, the subtraction with the output ice flux was used to estimate the net accumulation of the corresponding area within the Lambert Glacier.






3. Results and Discussion


3.1. Depth-Averaged Velocity


Based on the method mentioned above, the changes of      U i   ¯    and    H i    corresponding to each segment of G1, G2, and G3 are shown in Figure 3 and Figure 4.



Figure 3a shows the G1 line. From the starting point, the component of about 250 km perpendicular to the ice gate was small, and the value of more than 87%      U i   ¯    was less than 3     m  ·  a  − 1    . There was an increase of about 250–380 km along G1, and the speed peak was near the maximum of ice thickness. After reaching the peak, the      U i   ¯    of the remaining part of the G1 survey line tended to ease again, and the mean value of      U i   ¯    in the part of 640–780 km was less than 3.4    m ·  a  − 1    . The average ice velocity error in the part with large velocity (about 250–420 km) on the G1 was 0.6     m  ·  a  − 1    , and the standard deviation of velocity error in the whole line was 0.5    m ·  a  − 1    . The standard deviation of the thickness error was 79 m, of which 74% was less than 50 m. In determining the Gate 1 location, the area located about 10 km upstream of Gate 1 did not meet the selection requirements set in this article. Additionally, in the latter half of the length of about 290 km (as shown in Figure 4), the ice thickness error was large (part of the ice thickness uncertainties are more than 500 m).



Figure 3b shows the G2 line, where the moving speed of the glacier was significantly greater than that of G1. As shown in Figure 3 and Figure 4, the glacier moved faster (>150    m ·  a  − 1    ) in the range of 40–95 km from point B1, and the direction of ice flow in this region showed that the ice movement had a clear trend of convergence to the middle. The changing trend of the      U i   ¯    value was roughly the same as that of ice thickness. The average velocity error on G2 was 5.7     m  ·  a  − 1    , and the standard deviation was 1.1    m ·  a  − 1    . The thickness error of less than 50 m accounted for 43%, and the standard deviation of the error was 155 m. In the calculation process of determining the position of Gate 2, the area located about 13 km downstream of Gate 2 was not in line with the selection parameters set in this paper. As shown in Figure 4, the error of ice thickness in the region of about 10 km width was large (part of ice thickness uncertainties exceed 800 m).



Figure 3c shows the G3 line, and the change of ice velocity was different from that of G1 and G2. Located about 44 km from C3 was the mainstream area of G3, where the maximum component perpendicular to the ice gate reached 693.7     m  ·  a  − 1    . On the G3 line, except for the mainstream, only a few areas of ice flow entered the Amery ice shelf through the grounding line. Unlike previous studies that only calculated the mainstream region [2,10,15], we also counted the output of the latter half of the grounding line (about 90–140 km along the line), and the corresponding ice movement was reflected in the ice flux calculation. The mean error of ice velocity on G3 was 6.7     m  ·  a  − 1    , and the standard deviation was 3.88    m ·  a  − 1    . The percentage of segments with ice thickness error less than 50 m was 80%, and the standard deviation was 19 m.




3.2. Ice Flux and Mass Balance


As shown in Figure 4, the ice flux through G1, G2, and G3 in the Lambert Basin during 2018–2019 was 8.5 ± 1.9    Gt ·  a  − 1    , 18.9 ± 2.9    Gt ·  a  − 1    , and 19.9 ± 1.3    Gt ·  a  − 1    , respectively. The ice flux from the mainstream region of G3 was 19.3 ± 1.0    Gt ·  a  − 1    . Details of the changes in ice flux on the ice gates are shown in Figure 5.



The main sources of ice flux error were evaluated according to the error of thickness and velocity. The dominant factor of ice flux error on G1 was the error of ice velocity, accounting for 83% of total error. As the ice velocity at both endpoints of G1 was very small, a minor change in velocity had a great statistically significant effect on the ice flux. In contrast, the effect of ice thickness errors on G1 was not significant. The ice flux error at G2 was mainly from the ice thickness error, accounting for 76% of flux error, mainly due to the sparse airborne survey lines in this area, resulting in low accuracy of ice thickness data and large fluctuation of error values. In the mainstream region of G3, the error of ice flux from ice thickness was 54%, and the error of total ice flux from ice thickness was 51%. The airborne geophysical observation was intensive, and the accuracy of ice thickness and ice velocity was greatly improved compared with G1 and G2.



Taking G1, G2, and G3 lines as the boundary, the SMB in the inner area of Lambert Glacier was estimated using RACMO2.3 model data. According to the ‘input–output’ reduction method (‘input flux’ + ‘accumulation’ − ‘output flux’), the mass balance in the region was obtained as follows: the mass balance of the Lambert Glacier was negative in the south of G1, the part between G1 and G2 was positive, and the part between G2 and G3 was negative. The whole Lambert Glacier was in a positive equilibrium with a net accumulation of 2.4 ± 3.5     Gt  ·  a  − 1    , as shown in Table 3. Moreover, the ice flux and mass balance in the Lambert region were compared with previous studies. The change of ice flux flowing into the Amery ice shelf through the grounding line is shown in Table 4.



Studies on ice flux variations in inland areas of the upper Amery ice shelf were mostly conducted near ANARE LGB traverse [2,6,16]. H.L. Fricker et al. (2000) divided the LGB traverse route into three parts: the ‘West’ (LGB00-32), the ‘Streams’ (LGB32-56), and the ‘East’ (LGB56-72). The ‘Streams’ contain the mainstream of the Mellor glacier and the Lambert Glacier. The ice flux output from the ‘Streams’ was 21.8     Gt  ·  a  − 1     [16]. Wen et al. (2007) calculated the ice flux of the LGB traverse route in the Lambert Glacier section (about LGB39–LGB55) as 17.4 ± 0.9     Gt  ·  a  − 1     [2]. In this paper, the ice flux of 18.9 ± 2.9    Gt ·  a  − 1     (G2) was measured at approximately 170km downstream of the route. Cui et al. (2020) calculated the ice flux on the CHINARE DT traverse, of which the ice flux through the Dome A-LGB66 section was 20.9 ± 1.9     Gt  ·  a  − 1     [6]. These results show that the Lambert Glacier has a significant contribution to the Lambert–Amery drainage system. Our studies also suggest that the gradual change of ice movement from inland to downstream (north of the G2) is verified by the ice flux on the G1. Compared with Cui et al., they only calculated the ice flux along the DT traverse. They did not calculate the ice flux that the glacier evidently flowed into the Amery ice shelf during the period, and the mass balance in the region was also estimated upstream of the DT traverse [6]. Our work in the Lambert Glacier took these gaps into account. At the same time, the latest remote sensing datasets were used to reflect the recent changes in the Lambert Glacier, especially in the use of ice velocity and BedMachine v2.



As shown in Table 4, Wen et al. (2007) found that the ice flux across the Lambert Glacier grounding line differs greatly from the results of the other three studies, mainly due to differences in ice thickness data. Wen et al. (2007) et al. used hydrostatics to calculate the ice thickness at the grounding line [2]. Yu et al. (2010) et al. used the ice thickness of the Bedmap (2001) [15]. Wen et al. (2014) used the Bedmap2 (2013) to update the ice thickness, while the ice thickness used in this paper was sourced from the BedMachine v2 (update 2021) [10]. The hydrostatic equilibrium model is susceptible to tides, which may lead to a large error in ice thickness and further cause excessive ice flux through the grounding line.



The results of Wen et al. (2014) and this study on the ice flux across the grounding line of the Lambert Glacier differ greatly, which may be due to reasons in the following explanation. Firstly, the update of ice thickness dataset: 1. Although both Bedmap2 dataset and BedMachine v2 dataset are based on airborne radar data, the grid resolution of Bedmap2 is 1 km, and that of BedMachine v2 is 500 m [20,28]; 2. BedMachine v2 uses hydrostatic equilibrium model and a firn densification model to further ensure the continuity of ice thickness at the grounding line, making the dataset more reliable [28,29]; 3. The BedMachine v2 data update included recently measured data, such as the results of the ICECAP2 DEM project, and more refined details of Antarctic bed topography [28]. Secondly, the change of grounding line location as shown in Figure 1, the grounding line position (red line) obtained from 2013 to 2014 at Gate 3 position moves southward compared with the grounding line position (yellow line) obtained from 2007 to 2009 [23,24,25,26]. Thirdly, the ice velocity in this paper uses the 2018–2019 data based on the LandSat-8 satellite. In recent years, global warming may cause the ice to move faster at the grounding line [27]. In addition, the grid resolution of the ice velocity is 500 m, which avoids redundant interpolation operations when matching with ice thickness. Finally, we estimate the density corresponding to different ice thicknesses according to Equation (2) instead of using the fixed ice density of 914     kg  ·  m  − 3     (Wen et al., 2014) [10].



The calculated ice flux of Lambert Glacier passing through the mainstream area of grounding line was similar to results obtained by Yu (2010), but the positive accumulation within the Lambert Glacier was reduced from 3.6 ± 3.6    Gt ·  a  − 1     [15] to 2.4 ± 3.5    Gt ·  a  − 1    , and the floating range of ice flux error was also reduced.



In estimating the mass balance of the Lambert Glacier, excluding the negative results calculated by Wen (2007), the other three studies show that the region is in a state of positive equilibrium [2,10,15]. The detailed study on the interior of Lambert Glacier shows that positive accumulation of Lambert Glacier occurs in the central region (+4.1 ± 3.5     Gt  ·  a  − 1    ), while negative accumulation occurs close to Dome A due to the low SMB rate and being within the vicinity of the grounding line due to the fast moving ice. It can be seen that although the Lambert Glacier is still in a positive accumulated state as a whole, the positive value of the glacier is reduced, indicating a possibility of mass loss in the region in the future. To some extent, the findings support the IMBIE team and Rignot et al. conclusions that the Antarctic is currently stable. At the same time, the uncertainty in the mass balance of the Lambert Glacier in EAIS is refined [1,21].





4. Conclusions


In this paper, the ice flux of the Lambert Glacier using recent updated methods was used to calculate ice velocity (2018–2019), grounding line (2013–2014, update 2019), glacier basin delineation (2007–2009, update 2018), and ice thickness (update 2021). According to the dataset of ice thickness and ice velocity, the ice gates, G1, G2, and G3 were selected at the upstream of Lambert Glacier, the glacier convergence, and the grounding line. The results show that the contribution of the ice flux in the Lambert Glacier from its upstream to the downstream during 2018–2019 was 8.5 ± 1.9     Gt  ·  a  − 1    .The ice flux approximately 120 km from the grounding line in the downstream convergence region was 18.9 ± 2.9     Gt  ·  a  − 1    . The total ice flux entering the Amery ice shelf through the grounding line was 19.9 ± 1.3    Gt ·  a  − 1    , and the ice flux from the mainstream (front around 44 km) was 19.3 ± 1.0     Gt  ·  a  − 1    , which implies a dominant component. Compared with the large-scale Antarctic mass balance research completed by the IMBIE team and Rignot et al., this work performed a detailed analysis of the mass balance of the Lambert Glacier in East Antarctica and estimated the corresponding error [1,21]. Taking the ice gates G1, G2, and G3 as the boundaries, using the SMB of RACMO2.3, it was concluded that the SMB in the south of G1 in Lambert Glacier was 7.3 ± 1.5    Gt ·  a  − 1    , the regional SMB between G1 and G2 was 14.5 ± 2.9     Gt  ·  a  − 1    , the partial SMB between G2 and G3 was 0.4 ± 0.0    Gt ·  a  − 1    ; there was a significant indigenous positive accumulation in the middle of Lambert (about 74–78°S, 67–85°E), and the value was 4.1 ± 3.5     Gt  ·  a  − 1    . There was a negative accumulation in the south of G1 and the area between G2 and G3, and the values were 1.2 ± 2.4     Gt  ·  a  − 1     and −0.6 ± 3.2    Gt ·  a  − 1    , respectively. The net accumulation in the whole glacier was 2.4 ± 3.5    Gt ·  a  − 1    . Compared with early 2000, the net accumulation of Lambert Glacier was significantly reduced, indicating the possibility of a future negative balance in the region [10,15].



The ice thickness data were retrieved from all current airborne physical detection data by the Mass Conservation method, yet the error of ice thickness in some areas remained large due to sparse airborne geophysical observations. Therefore, to evaluate the ice thickness and subglacial topography in this area more accurately, more in situ measurements are needed to optimize the details of basal conditions in the future. In addition, in the absence of large-scale SMB of in situ measurements in the Lambert Glacier, we used the regional atmospheric climate model RACMO2.3 to estimate the SMB of the entire glacier; however, the simulated SMB cannot accurately reflect the surface accumulation in this area. Hence, it is necessary to strengthen the observation of the large-scale SMB in the Antarctic ice sheet in the future to better quantify the mass balance of the AIS.
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Figure 2. The SMB data on CHINARE DT traverse are shown above. The black point is the average value of the actual observed SMB data from DT158 to Dome A from 1999 to 2011 on CHINARE DT traverse [38]. The purple dots are annual SMB data from 1979 to 2016 extracted from RACMO2.3. 
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Figure 3. (a–c) correspond to Gate 1, Gate 2 and Gate 3, respectively. The blue line represents the depth-averaged velocity perpendicular to the ice gate, and the black line represents the ice thickness at the corresponding position. The red dotted line represents the dividing line of the mainstream area on Gate 3. 
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Figure 4. Ice flux through Gates 1, 2, and 3. The red arrows on the ice gate lines indicate the direction of the ice flow and are spaced at 20 km intervals. Located at 1 km upstream of Gate 1 and 1.5 km downstream of Gate 2, the dashed black boxes with sizes of about 290 km   ×   9 km and 140 km   ×   10 km are areas with large ice thickness errors. The ice fluxes through Gate 1 and Gate 2 are 8.5 ± 1.9   Gt ·  a  − 1     and 18.9 ± 2.9    Gt ·  a  − 1    , respectively. The total ice flux through Gate 3 is 19.9 ± 1.3    Gt ·  a  − 1    , and the ice flux through the mainstream is 19.3 ± 1.0    Gt ·  a  − 1    ,indicated by the enlarged window. 
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Figure 5. (a–c) are the segmented ice fluxes of Gate 1, Gate 2, and Gate 3, respectively. The dotted red line is the dividing line of the mainstream area on Gate 3. 
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Table 1. Sources and usage of major data used to calculate ice fluxes.
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	Products
	Version
	Location and

Accessed Date
	Usage





	MEaSUREs Antarctic Boundaries for IPY 2007–2009 from Satellite Radar
	Basins_Antarctica_v02
	https://doi.org/10.5067/AXE4121732AD (1 July 2021)
	Drainage Basin

Delineation



	MEaSUREs MODIS Mosaic of Antarctica 2013–2014 (MOA2014) Image Map
	Moa2014_grounding_line_v01
	https://doi.org/10.5067/RNF17BP824UM (1 July 2021)
	Grounding line



	Present-day high-resolution ice velocity and footprints maps of the Antarctic ice sheet
	Shen Qiang, Wang HanSheng, et al. (2020)
	https://doi.pangaea.de/10.1594/PANGAEA.908845 (15 March 2021)
	Ice Surface

velocity



	MEaSUREs BedMachine

Antarctica
	Bedmachine v2: Ice surface elevation & Bed topography map
	https://doi.org/10.5067/E1QL9HFQ7A8M (1 July 2021)
	Slope



	MEaSUREs BedMachine

Antarctica
	Bedmachine v2: Ice thickness
	https://doi.org/10.5067/E1QL9HFQ7A8M (1 July 2021)
	Thickness



	RACMO2.3p2
	ANT27_1979-2016 (yearly)
	https://www.projects.science.uu.nl/iceclimate/publictions/data/2018/index (1 August 2021)
	Surface mass

balance (SMB)
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Table 2. The starting point, ending point, and length of three ice gates.
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	FluxGate Name
	Initial Point
	End Point
	Distance along Gate (km)





	Gate 1 (G1)
	A1 (80.0333°S, 69.3335°E)
	A2 (75.0013°S, 88.6496°E)
	791.7



	Gate 2 (G2)
	B1 (74.8872°S, 67.9234°E)
	B2 (73.7075°S, 69.6156°E)
	139.8



	Gate 3 (G3)
	C1 (73.3088° S, 67.0301° E)
	C2 (72.4824° S, 68.4121° E)
	146.4
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Table 3. Mass balance of upstream, middle, downstream, and whole Lambert Glacier.
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	Location
	Input Flux

   (  G t  ·   a   − 1   )   
	Accumulation from RACMO2.3

   (  G t  ·   a   − 1   )   
	Output Flux

   (  G t  ·   a   − 1   )   
	Net Budget

   (  G t  ·   a   − 1   )   
	    Average   Accumulation   Rate   (  k g  /   m  2    a  1  )    





	The south of G1
	/
	   7.3 ± 1.5   
	   8.5 ± 1.9   
	   − 1.2 ± 2.4   
	40.84



	G1–G2
	   8.5 ± 1.9   
	   14.5 ± 2.9   
	   18.9 ± 2.9   
	   + 4.1 ± 3.5   
	67.74



	G2–G3
	   18.9 ± 2.9   
	   0.4 ± 0.0   
	   19.9 ± 1.3   
	   − 0.6 ± 3.2   
	48.14



	Total Lambert
	/
	   22.3 ±   3.3   
	   19.9 ± 1.3   
	   + 2.4 ± 3.5   
	53.98
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Table 4. Accumulation, the ice flux across grounding-line and mass budget on Lambert Glacier from different studies.
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	Studies
	Area

   (  k    m  2  )   
	Accumulation

   (  G t  ·   a   − 1   )   
	Ice Flux

   (  G t  ·   a   − 1   )   
	Mass Budget

   (  G t  ·   a   − 1   )   





	Wen (2007)
	424,930
	   22.6 ± 2.3   
	   25.4 ± 2.5   
	   − 2.8 ± 3.4   



	Yu (2010)
	   400,715   
	   22.7 ± 2.3   
	   19.0 ± 2.8   
	   3.6 ± 3.6   



	Wen (2014)
	   424,930   
	   18.2 ± 1.3   
	   14.0 ± 1.7   
	   4.2 ± 2.3   



	This Study
	   413,671   
	   22.3 ± 3.3   
	   19.9 ± 1.3   
	   2.4 ± 3.5   
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