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Abstract

At Dome Argus, East Antarctica, the surface mass balance (SMB) from 2008 to 2013 was evaluated using 49 stakes installed across a 30×30 km area. Spatial analysis showed that at least 12 and 20 stakes are needed to obtain reliable estimates of SMB at local scales (a few hundred square metres) and regional scales (tens of square kilometres), respectively. The estimated annual mean SMB was 22.9±5.9 kg m−2 yr−1, including a net loss by sublimation of −2.22±0.02 kg m−2 yr−1 and a mass gain by deposition of 1.37±0.01 kg m−2 yr−1. Therefore, ca. 14.3% of precipitation was modified after deposition, which should be considered when interpreting snow or ice core records produced by future drilling projects. The surface snow density and SMB in the western portion of Dome Argus are higher than in other areas, and these differences are likely related to the katabatic wind, which is strengthened by topography in this sector. A new digital elevation model (DEM) of Dome Argus was generated, confirming that both peaks of the dome can be considered as the summit of the East Antarctic Ice Sheet. Findings from this study should be valuable for validating SMB estimates obtained from regional climate models and DEMs established using remote-sensing data.
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As the highest region of the EAIS, Dome Argus is one of the most important candidate sites from which to acquire the oldest East Antarctic ice core (Fig. 1). Previous studies have shown that on-going deep ice core drilling may provide a unique paleoclimate record extending to 1.2 Mya (e.g., Xiao et al. 2008). In preparation for the project, the surface topography was investigated, and an AWS was deployed by the 21st CHINARE in the austral summer of 2004/05 (Zhang et al. 2007; Cheng et al. 2009; Ma et al. 2010). Ice sheet thickness and bed topography were surveyed with ground-based ice-penetrating radar by the 24th CHINARE in 2007/08 (Bo et al. 2009). These efforts contributed important information to the selection of the best site for ice core drilling and for the construction of Kunlun Station, which is located between the two highest points of Dome Argus (Fig. 1a).

Fig. 1
			(a) Location of Dome Argus, East Antarctica. The locations of Dome Fuji, Dome B, Vostok, Dome C and South Pole are also shown. (b) Sketch map of sites for GPS and stake measurements. The base map was generated using QGIS 2.6 (http://www.qgis.com/). Contour line intervals are 500 m.
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SMB, snow accumulation rate and surface ice velocity are key parameters for glaciological and meteorological studies. To estimate the SMB, snow pit and stake array measurements were collected on the northern peak of the Dome Argus area. The β activity horizon in the snow pit revealed an SMB value of 23 kg m−2 yr−1 during the period 1966–2005 (Hou et al. 2007). During the period 2005–08, stake array measurements indicated an SMB of 19 kg m−2 yr−1 (Ding et al. 2011). During the austral summer of 2004/05, a 109.91 m ice core was drilled to study the preliminary climatic information of Dome A; however, the dating results differed greatly between two research groups. One team suggested a 2840-year history for the top 104.42 m, whereas the other group suggested a 4115±150-year history for the entire core (Jiang et al. 2012; Li et al. 2012). Additionally, many studies have shown that single site measurements may have low local representativeness (e.g., Frezzotti et al. 2007; Kameda et al. 2008).





Abbreviations in this article

AWS: automatic weather station

CHINARE: Chinese National Antarctic Research Expedition

CV: coefficient of variation

DA: 100×100 m stake array on Dome Argus

DEM: digital elevation model

DZ: 30×30 km stake array around Dome Argus

EAIS: East Antarctic Ice Sheet

ECMWF: European Centre for Medium-Range Weather Forecasts

GPS: Global Positioning System

JRA-55: Japan Meteorological Agency 55-year re-analysis

LE: latent heat flux

MERRA: Modern-Era Retrospective Analysis for Research and Applications

NCEP: National Centers for Environmental Prediction

P - E: precipitation minus evaporation/sublimation

RTK: real-time kinematic analysis

SHC: surface height change

SMB: surface mass balance



Better knowledge of the SMB distribution over Dome Argus is needed to support future glaciological studies in this region. In this study, we present a new DEM of Dome Argus, as well as new estimates of SMB and surface sublimation rates for the period of January 2008 to January 2013.

	

Field observations

In January 2008, during the 24th CHINARE, 49 bamboo poles were installed to measure the SMB across a 30×30 km square area (Fig. 1b). The distance between the stakes was ca. 5 km. In January 2011, the 27th CHINARE re-measured the heights of these stakes and examined the snow layers at sites with damaged stakes. In January 2013, a second re-measurement campaign was conducted. Hence, snow height change observations have been collected for two periods: 2008–2011 and 2011–13.

The surface density to a depth of 0.20 m was calculated using a tube sampler. To reduce local spatial noise, at least two measurements at each site were collected with an interval of about 4 m. If the difference between the two measurements exceeded 5%, another sample, located so as to form an equilateral triangle with the first two measurement sites, was collected. Because of the low snowfall rate and weak winds around Dome Argus, the densification process is negligible on a time scale of five years (Ding et al. 2015). Therefore, the use of the surface density to translate snow height changes into SMB does not reduce the reliability of the results. The calculated SMB uncertainty should be within 2% if visual error of stake height measurement is also considered.

GPS coordinates of the SMB measurement sites were also recorded and used to construct a DEM and a surface velocity map for Dome Argus. The GPS data were gathered using RTK and differential GPS analysis. In January 2013, two Leica AS10 GPS receivers were used to produce the DEM of Dome Argus. One GPS receiver was used as a reference station at Kunlun Station and made continuous measurements from 8 to 14 January 2013 at 5 s intervals. The other receiver was used as a roving station to collect data near the stakes. For the roving station, the GPS receiver operated in RTK mode and collected data for two minutes under good communication conditions. Otherwise, at least 25 min were required to collect data in differential GPS mode. The collected data were post-processed, and the horizontal and vertical errors were estimated to be 1.2 and 3.9 cm, respectively. The DEM uncertainty is estimated to be <0.03 m and <0.10 m in the horizontal and vertical respectively.

The Dome Argus stake array, which included a 5×5 matrix over a 100×100 m area, was also measured to record snow accumulation during the fieldwork (Fig. 1). These observations were used to determine the SMB and assess the reliability of local-scale single-stake measurements. Here, DA designates the smaller scale of the two arrays (100×100 m), that is the Dome Argus stake array, whereas DZ represents the larger scale array (30×30 km), comprising 49 stakes installed across a wider area around Dome Argus.

The AWS was installed in January 2005 to monitor the meteorology of Dome Argus, as part of a cooperative effort between China and Australia. The type of AWS installed at Dome Argus has been used in many areas of Antarctica, and many studies have analysed data collected by these stations (e.g., Allison 1998; Ma et al. 2010). Sensor specifications have been described by Ma et al. (2010).

	

Results and discussion

Representativeness of stake measurements

SMB derived from stake measurements is highly variable in Antarctica (e.g., Ren et al. 1999; Ekaykin et al. 2002; Wen et al. 2006). Measurements from multiple stakes must be averaged to obtain an estimate of the mean local or regional SMB. Several studies have reported different averaging intervals to obtain the mean value. For example Furukawa et al. (1996), used a 10-stake running average along the Syova–Dome Fuji traverse, Higham & Craven (1997) calculated SMB values using 15-stake averaging, Ren et al. (1999) used 21-stake averaging, Qin et al. (2000) computed SMB values using seven-stake averaging and Wen et al. (2006) suggested that a 15-stake average is suitable for local-scale studies. Considering the different spatial scales explored in these studies, different stake numbers were examined to determine the optimal number that minimizes spatial noise at local and regional scales.

To determine this optimal number, the Monte Carlo method (Metropolis & Ulam 1949) was used to generate different combinations of stake numbers. Then, the CV, also known as relative standard deviation, of each combination was calculated using the following equation:
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n=25 for DA or n=49 for DZ; 2≤r≤n−1; j=1, …, r; and i=1, …, 
[image: POLAR_A_26133_O_ILM0001.gif].

Here, σ represents the CV, and {Aj}, in which j=1,.., r, is a combination when r is the number of degrees of freedom and 
[image: POLAR_A_26133_O_ILM0002.gif]. The mean CV is then calculated using this equation:
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To illustrate the relative error on the estimated degree of spatial coherence, we also calculated the CV of σi,r for every stake combination; this equation is as follows:
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Figure 2 shows variations in σ and δ as a function of the number of stakes for estimates of the SHC, SMB and density at the DA and DZ arrays. Multiyear observations clearly increased the reliability of the results. For example, Fig. 2a shows that the value of σ for the DA array decreased from ca. 81% to ca. 19% when the observation period increased from two years (2011–13) to five years (2008–2013). This result agrees with previous ice core studies, many of which noted that at least three years of mean accumulation data are needed to detect local-scale spatial variations (e.g., Goodwin 1990; Magand et al. 2007).

Fig. 2
				The coefficient of variation (σ) of SMB, SHC and density when the stake quantity is increased at (a) the DA and (b) DZ array; and the coefficient of variation (δ) of σ of (c) DA and (d) DZ. The shaded area indicates recommended minimal number of stakes needed to obtain reliable estimates of SMB at for (a, c) local and (b, d) regional spatial scales.

				
			

[image: POLAR_A_26133_O_F0002g.jpg]

The results also show that when the number of stakes increases, σ increases and δ decreases (Fig. 2). However, as shown by the shaded region in Fig. 2, σ did not exhibit a significant change when the number of stakes increased from 8 to 12 (DA) or from 15 to 20 (DZ). The slopes of σ and δ also exhibited very little change for stake numbers exceeding 12 (DA, Fig. 2c) and 20 (DZ, Fig. 2d). These results confirm that all errors induced by random measurements have been considered in previous studies. In summary, at the scale of a few hundred square metres, 12 stakes is the minimum number required to obtain reliable estimates of SMB, and adding more stakes has relatively little impact on the reliability of results. At a scale of a few tens of square kilometres, 20 stakes is the minimum number. The data used in this paper fulfil these requirements, making the observed snow accumulation rate and calculated SMB highly reliable.



Surface topography of Dome Argus

Surfer version 11.0 software was used to generate surface elevation, SMB and snow density maps for Dome Argus (Fig. 3). The “kriging” technique was used for interpolation. Smoothed elevation contours were plotted at 2 m intervals. The saddle-shaped region of Dome Argus is very flat, especially in the large white dashed square in Fig. 3. The maximum topographic height difference within the 900 km2 area is <16.50 m, and most of the region has an elevation exceeding 4080 m. In two previous topographic studies of Dome Argus using DEMs, different results were attained for the summit of the EAIS. One study determined that the northern peak is the highest (Zhang et al. 2007), whereas the other study suggested that the southern peak is ca. 0.3 m higher (Cheng et al. 2009). However, we found that the two peaks have similar elevations. As shown in Fig. 3a, the northern peak is ca. 0.08 m higher, although we do not suggest which peak is the actual summit of EAIS because short-term snow accumulation changes can modify the difference between the peaks, and the vertical uncertainty of the DEM is approximately 0.10 m.

Fig. 3
				(a) Map of the mean (2008–2013) SMB across Dome Argus interpolated from stake observations. Black contours are surface elevations (WGS84 ellipsoid) with intervals of 2 m based on GPS data from 27th CHINARE. The small and large white dashed squares cover the 64 km2 and 400 km2 areas surveyed by Zhang et al. (2007) and Cheng et al. (2009), respectively. The solid white square represents Kunlun Station, the red star represents DA stake array and the red triangles represent the two summits of Dome Argus. (b) Map of surface density interpolated from observations.
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According to ground-based ice-penetrating radar measurements (Bo et al. 2009), there are two mountain peaks below the surface at Dome Argus, which may explain the ice sheet surface peaks. Kunlun Station is located above a subglacial lake between the mountain peaks. This station was chosen for deep ice core drilling because the ice velocity there is very low (3–6 cm yr−1) and the ice is thick (>2800 m).



SMB of Dome Argus

The SMB at each stake in the DZ array varied spatially from 14.83 to 40.68 kg m2 yr−1, with a CV of 26.0% for the period 2008–2013 (Supplementary Table S1). Conceivably, an annual layer may disappear in locations with extremely low accumulation rates (e.g., Kameda et al. 2008). However, no negative values were observed for the DZ and DA arrays using our multiyear measurements, although one-year measurements show occasional negative values in the DA array (Ding et al. 2011).

Spatial variability in SMB values is primarily associated with precipitation, surface topography and wind-driven processes (e.g., Frezzotti et al. 2007). Compared with local effects, such as sastrugi and redistribution by wind drift, precipitation is assumed to be homogeneous at a scale of <100 km. From the meteorological records measured by the AWS (Fig. 1), the wind speed was usually <3 m s−1 with no prevailing wind direction during the study period, least near the AWS (note that winter data were discontinuous, and we therefore determined wind directions in that season using five-year composites).

Although the topography is very flat in the study region and the SMB variations were found to be relatively small, the snow density map shows pronounced spatial differences. The surface density in the western portion of the study area (DZ71 in Fig. 3b) is much higher than in other regions. We also investigated the surface morphology over Dome Argus and found that sastrugi with heights of 5–20 cm occur frequently around DZ71 (Supplementary Fig. S1). Based on an analysis of the near-surface wind field using NCEP data, we found that the prevailing wind here is from the east–south-east to the south, which is corroborated by the direction/shape of the sastrugi. Combined with the acceleration induced by topography, the wind speed around DZ71 could exceed 3 m s−1, which would induce a stronger firnification process and lead to hardening of the snow surface. At DZ11, DZ77 and DZ17, the snow is very soft and has a flat surface with active crystallization (Supplementary Fig. S1), indicating that the air temperature around Dome Argus can be below the surface snow temperature. Under the influence of an inversion layer above Dome Argus (Ma et al. 2010), the vapour pressure close to the surface can reach or even exceed saturation, resulting in frost build-up at the snow surface.

The estimated mean SMB value over Dome Argus was 22.9±5.9 kg m2 yr−1 during the period 2008–2013. Compared with the surface snow density, the SMB in the western area was only slightly greater than in other parts across the study region (see Fig. 3a). Altogether, no large regional variations in the net SMB were observed. Our new estimated mean SMB is comparable to the estimated mean net snow accumulation rates for the northern peak of Dome Argus based on the β radioactivity peak for the period 1965–2005 (Hou et al. 2007) and at Kunlun Station for the period 1966–2009 (Wang et al. 2013). However, our result is 3.9 kg m2 yr−1 higher than the previous results for the DA stake array (Ding et al. 2011). Generally, AWS records are considered very accurate because the ultrasonic sounder is sensitive to SHCs. However, the results presented by Ma et al. (2010) are overestimated: the 24th CHINARE found that a snow dune had formed just below the sensor in January 2008 (Supplementary Fig. S2).

In Antarctica, the SMB is determined by precipitation, surface sublimation erosion/deposition due to divergence/convergence of snow drift transport, wind-driven sublimation and meltwater runoff. Indeed, most of the inconsistency of P - E in re-analysis data sets such as the ECMWF’s ERA-40, the NCEP re-analysis data and observed SMB can be attributed to wind-driven processes in the coastal and katabatic wind regions (Scambos et al. 2012; Das et al. 2013). However, because of the weak wind (<3 m s−1) over Dome Argus, wind-driven processes represent a small contribution to the SMB, as was previously inferred by a regional atmospheric climate model (RACMO2.3) that included drifting snow processes (Van Wessem et al. 2014).

We compared our SMB with P - E estimates in climate re-analysis data sets, including the ECMWF’s ERA-40 and ERA-interim re-analysis, JRA-55 and MERRA (Table 1). The ERA-40, ERA-interim and MERRA data sets underestimate the observed SMB by ca. 50%, whereas the JRA-55 P - E closely resembles the observed values. The dry bias in most re-analysis products may largely result from the fact that contributions of clear-sky precipitation to the SMB are not included in these re-analyses. The consistency between the JRA-55 data set and the field observations may be attributed to a better representation of observed precipitation in the JRA-55 data set (Ebita et al. 2011).





Table 1Compilation of SMB (kg m2 yr−1) estimates for Dome Argus.

							
									Period
									Method
									SMB
									References
							

						

							
									1966–2005
									β Radioactivity peak
									23
									Hou et al. 2007
							

							
									1965–2009
									β Radioactivity peak
									21
									Wang et al. 2013
							

							
									1980–2002
									ERA-40
									10
									Wang et al. 2013
							

							
									2005–07
									Automatic weather station
									31.7
									Ma et al. 2010
							

							
									2005–09
									Stake array
									19
									Ding et al. 2011
							

							
									1979–2012
									ERA-interim
									8
									This paper
							

							
									1979–2012
									JRA-55
									21
									This paper
							

							
									1979–2012
									MERRA
									13
									This paper
							

							
									2008–2013
									Stake
									22.9±5.9
									This paper
							

						




Sublimation of Dome Argus

The LE over Dome Argus was calculated using the following analytical expression from the bulk-aerodynamic method (Oke 1987):
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where ρ=(ρ0P)/P0 is the air density at the Dome Argus AWS, ρ0 and P0 are the air density (1.29 kg m−3) and pressure (1013 hPa) at standard sea level, respectively, and P is the measured surface air pressure at the AWS (hPa). Ls is the latent heat of sublimation for snow (2.834 mJ kg-1). CE is the bulk transfer coefficient for humidity, which has been suggested to be 0.00129 when the atmosphere is stable and 0.002 when the atmosphere is unstable (Ma 2009). u and q are the mean wind speed and specific humidity at the height of 4 m, respectively; and qS is the surface specific humidity, which is calculated using the glacial surface saturation vapour pressure (es) (Bolton 1980). The parameters qs and es are calculated as follows:
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At half-hourly steps, sublimation Ms (mm w.e.) is calculated from the LE, that is, Ms=LE/Ls. Because the AWS wind measurements were not consistent during wintertime, all records during the period 2005–2010 were averaged to obtain mean meteorological parameters from 1 January to 31 December. Finally, a data set was constructed having 97% of the daily wind speed records.

Despite the surface air being constantly saturated at Dome Argus (Ma et al. 2010), the conditions are unfavourable for snow sublimation. The extremely low temperature limits the specific humidity of the air. Moreover, the snow surface is usually colder (63.5% of the time) than the air, reducing the vertical humidity gradient. Nonetheless, because all of the surface energy balance fluxes are very small over the Antarctic plateau (Van den Broeke et al. 2006), the LE remains important for heat loss on a daily basis. This hypothesis can be validated using the bulk-aerodynamic method. At Dome Argus, even during summertime, the LE remains below 3 W m−2 due to the low temperatures and weak winds.

Based on the Monin–Obukhov similarity theory, we simulated the five-year averages of daily mean sublimation at Dome Argus. The results are shown in Fig. 4. The total sublimation was determined to be −2.22±0.02 mm w.e. yr−1, which primarily occurred between November and January. Deposition occurred primarily between February and October, accounting for +1.37±0.01 mm w.e. yr−1, which is much less than the values of other plateau stations, such as Dome Fuji (+5.5 mm w.e. yr−1; Kameda et al. 1997). This difference can be partially attributed to the fact that Dome Argus is farther from the coast and has a higher elevation than Dome Fuji, which leads to less moisture transport from the Ocean. During the polar night, sublimation and deposition can be negligible because of the low air temperature (approximately −59.7°C during April and September) and low specific humidity (approximately 0.013 g kg−1 during April and September). In summary, the net loss by sublimation at the surface reaches −0.85±0.02 mm w.e. yr−1 (kg m−2 yr−1). This result indicates that the total mass input at Dome Argus is 25.1±5.9 kg m−2 yr−1 and that the net surface mass exchange (by sublimation/deposition) is equal to, on average, 14.3% of the total mass input (or 15.7% of the estimated mean net SMB), which is very important for snow compositional changes through post-depositional processes, and for the interpretation of ice core climatic archives.

Fig. 4
				Five-year (2005–2010) averages of estimated daily mean sublimation (blue) and deposition (negative sublimation, red) at Dome Argus.
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Conclusions

Using data from a 49-stake network over a 30×30 km area from 2008 to 2013 and high precision GPS measurements, we calculated the annual mean SMB of Dome Argus, Antarctica, to be 22.9±5.9 kg m2 yr−1, which agrees well with the previous estimation based on β radioactivity (Hou et al. 2007; Wang et al. 2013) and JRA-55 re-analysis data, but not with ERA-40, AWS, ERA-interim and MERRA. This indicates that studies evaluating Antarctic SMB should be carried out with caution.

Our simulation showed that sublimation and deposition processes have huge influence on the SMB of the Dome area. This has been confirmed at Dome C (3 mm w.e. yr−1;Frezzotti et al. 2004), Dome Fuji (1.6 mm w.e. yr−1, Kameda et al. 1997) and Vostok (2–4.4 mm w.e. yr−1, Ekaykin et al. 2004), although the net mass loss presented here may be the lowest (−0.85±0.02 mm w.e. yr−1) on the EAIS because of the extremely low air temperature and the highest elevation.

Compared with the other deep ice core sites, Dome Argus has the lowest SMB and ice velocity. The new surface map generated by our study, along with the bed topography and thermal conditions studied previously, suggests that Dome Argus could be an optimal location for drilling the oldest ice core. However, some sites between Dome Fuji and Dome A, have even lower SMB values, for example site NUS07-6, with a value of 16.0±0.4 kg m2 yr−1 (Anschütz et al. 2011), which could make them other good candidates for deep ice core drilling if their surface ice velocities and ice thicknesses meet the necessary criteria.
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