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Water stable isotopes are crucial for paleoclimate reconstruction and water cycle tracing in Antarctica. Accurate measurement of atmospheric water vapor isotopic composition of hydrogen and oxygen is required urgently for understanding the processes controlling the atmosphere–snow interaction and associated isotope fractionation. This study presents in situ real-time measurements of water vapor isotopes along the transect from Zhongshan Station to Dome Argus (hereafter Dome A) in East Antarctica for the first time. The results reveal that the surface vapor stable isotopes of δ18O and δ D showed a gradual decreasing trend in the interior plateau region with the distance away from the coast, with significant δ18O-temperature correlation gradient of 1.61‰°/C and δ18O-altitude gradient of –2.13‰/100 m. Meanwhile, d-excess gradually arises with elevation rise. Moreover, the spatial variation of vapor isotopic composition displays three different characters implying different atmosphere circulation backgrounds controlling the inland water cycle; it can be divided as the coastal steep area below 2,000 m, a vast inland area with an elevation varied between 2,000 and 3,000 m, and high central plateau. Thirdly, observed high inland Antarctica water vapor d-excess quantitatively confirms stratosphere air intrusion and vapor derived from low latitudes by Brewer–Dobson circulation. Finally, the diurnal cycle signals of interior area water vapor isotopes δ18O, δ D, and air temperature highlighted the substantial domination of the supersaturation sublimation/condensation effect in inland, and this suggests that fractionation occurs during sublimation and vapor–snow exchanges should no longer be considered insignificant for the isotopic composition of near-surface snow in Antarctica.
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INTRODUCTION
Since the identification of the relationship between the temperature and the isotopic composition of condensed precipitation in the 1960s (Dansgaard et al., 1969), stable isotopic compositions of ice core (δ18O and δ D) have been used as temperature and moisture proxies to reconstruct past climate and the atmospheric water cycle (Jouzel et al., 1997; Augustin et al., 2004; Jouzel and Masson-Delmotte, 2010; Fudge et al., 2013; Münch and Laepple, 2018; Jing et al., 2019). However, the hydrogen and oxygen isotopes of snowfall are usually affected by multiple factors including fractionations in water phase transitions (e.g., evaporation and condensation) during its atmospheric transport and precipitation (Ritter et al., 2016; Pang et al., 2019; Hughes et al., 2021), so the isotope–temperature relationship varies with time and space (Jouzel et al., 1997; Masson-Delmotte et al., 2008; Casado et al., 2018), especially in the polar regions, after snow deposition, there is substantial isotope exchange between air (water vapor) and snow through sublimation and condensation because of the supersaturation condition, which can significantly change the isotopic composition of snow (Krinner et al., 1997; LeGrande and Schmidt, 2006; Masson-Delmotte et al., 2011; Werner et al., 2011; Pang et al., 2019). The so-called postdepositional processing and its effects on snow isotopic compositions need to be carefully assessed for properly interpreting ice core water isotopic records in terms of the reconstruction of past climate (Ritter et al., 2016; Hughes et al., 2021). The water vapor isotopic composition together with snow isotopes can provide information on the air–snow–ice interaction processes, including isotopic fractionation, related evaporation temperature, and condensation condition (Frezzotti et al., 2002; Ekaykin et al., 2004; Masson-Delmotte et al., 2008). In addition, equilibrium fractionation coefficients of water isotopes have been determined either by spectroscopic calculations or by laboratory experiments mainly at about 20°C (Merlivat and Nief, 1967; Majoube, 1970; Cappa et al., 2003; Steen-Larsen et al., 2013), and it needs further field work measurement and experiment for low-temperature application.
In inland Antarctica, accurate measurements of atmosphere water vapor isotopes are difficult due to major logistical challenges and a very low water vapor content resulting from low temperature. Recently, the development of infrared spectroscopy enables direct measurements of isotopic composition of atmospheric water vapor in the field. With careful calibration methodologies, these devices have already been successfully used for studies of water vapor isotopes in some Arctic and Antarctic sites (Steen-Larsen et al., 2013; Bonne et al., 2014; Casado et al., 2016). In Antarctica, although much data of snow and ice core water isotopes are available in the literature (Masson-Delmotte et al., 2008; Ding et al., 2010; Wang et al., 2010; Xiao et al., 2013; Pang et al., 2015), atmospheric water vapor isotopes in most regions of the ice sheet and their variations remain unknown, except of Dome C and Kohnen Station, where limited observations were recently conducted (Casado et al., 2016). Along the transect from coastal Zhongshan Station to Dome A (the summit of the East Antarctic), previous studies have used surface snow and snowpit samples to characterize the isotopic composition (δ18O, δ D, and 17O-excess) of precipitations, and the results indicate apparent latitudinal and altitudinal variations of water isotopes (Ding et al., 2011; Xiao et al., 2013; Pang et al., 2015), but the potential mechanism(s) controlling the observed spatial variations of snow isotopic composition is still a key issue (Pang et al., 2019). Data of atmospheric water vapor isotopic composition covering the same region would provide additional information that is useful for understanding the air–snow exchange of moistures and the associated isotope processes. In this study, we conducted field real-time measurements of water vapor isotopes during the 31st Chinese National Antarctica Research Expedition (CHINARE 31) from December 2014 to January 2015, along the transect from the Zhongshan Station to Dome A. Data were used to characterize the spatial variations in atmospheric moisture isotopes and the relationship between isotopic data and climatic/meteorological parameters, to explore the possible moisture source and the transport route.
FIELD MEASUREMENTS AND DATA CALIBRATION
Instrumentation and Field Measurements
We conducted field measurements of water vapor isotopes along the transect from Zhongshan Station to Dome A (80°22′51″S, 77°27′23″E, 4,093 m above the sea level, the summit of the Antarctic ice sheet) in East Antarctica. This transect covers about 1,250 km with elevation rising more than 4,000 m from the coast to Dome A. In these regions, the snow accumulation rates vary between ∼70 and ∼9 cm a−1(Ding et al., 2011). The field measurements were conducted in austral summer over the period of December 2014 to January 2015 when the expedition team traveled from the coast to Dome A. The atmospheric water vapor isotope composition measurements were performed every day along the route when the expedition team camped (Figure 1A).
[image: Figure 1]FIGURE 1 | (A) Sites (blue dots) of in situ measurements along the transect from the Zhongshan station to Dome A; (B) Schematics of the field instrumentation used for in situ measurements of water vapor isotopic composition.
Measurements of water vapor isotopes were performed using a Wavelength Scanned Cavity Ring-Down Spectrometry analyzer (PICARRO Inc., 1102-i). The analyzer was installed in a laboratory cabin modified by a container, which was installed on sledge. When camped, the carry-on container was removed from the sledge and placed upwind 50 m away from the camp site in order to prevent pollution from the power generator and any artificial effects during the measurements, and then the electric heat booster would warm up the temperature in the container laboratory cabin to about 20°C, and the tube will get heated well above the dew point temperature of atmospheric air in order to prevent condensation in the line. Figure 1B displays the experimental setup used in the water vapor isotope monitoring and mainly illustrates the calibration system for the special extreme cold and dry conditions.
Simultaneous observations of meteorological conditions (e.g., temperature, relative humility (RH), and wind speed) and surface snow sampling were also conducted. Temperature and RH were measured by a Campbell Scientific HMP155A Vaisala Temperature and RH Probe, respectively. Wind speed and direction were monitored using a 05106 Wind Monitor with the 05603C Wind Sensor Interface.
Calibration Protocol
Calibration of the spectrometer is crucial for such dry conditions. Measurement deviations arise mainly from instrumental drift, systematic errors, and water vapor concentration. To correct such deviations, especially under polar conditions regarding the very low water vapor content, protocols have been developed and adapted with good performance (Steen-Larsen et al., 2013; Bonne et al., 2014). Briefly, calibration protocols include instrumental humidity-induced bias correction and VSMOW-SLAP calibration and drift correction. In this study, as the measurement is carried out on the remote ice sheet, the calibration will not be exactly the same as in the laboratory. The specific calibration processes are as follows: before the field work, isotopic values of liquid standards (NEEM (δ18O = −33.56‰ and δ D = −257.6‰), SLAP (δ18O = −55.50‰ and δ D = −427.5‰), and ROSS (δ18O = −18.75‰ and δ D = −144.6‰)) were measured in order to evaluate the sensitivity of the spectrometer, and the liquid standards calibration were performed as follows:
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Then at the beginning of every measurement in each site, we conduct a standard measurement four times repeatedly, and followed by different level vapor concentrations (ppm), this work was carried out every day. Based on the repeated measure of standards, we carried instrumental error and drift calibration, then the calibrated vapor concentration bias based on different level vapor standards (showed in Figure 2). We observed that the measurement precision and stability decreased with reduced humidity, and especially at humidity below 1,000 ppm, the uncertainties of the measurements dropped to 8.2 and 1.3‰ for δ D and δ18O, respectively, as the primary goal is to disentangle the separate influences to the water cycle and large spatial scale characteristic, postdeposition, and circulation background, so we mainly focus on relative variations of the vapor isotopes.
[image: Figure 2]FIGURE 2 | Humidity-induced bias calibration during the field measurement.
RESULTS AND DISCUSSION
Spatial Variation Characteristics
The observed atmospheric vapor hydrogen and oxygen isotopes changed regularly along the distance from the coast (Zhongshang Station) along with their changes of altitudes. As shown in Figure 3, along the ice sheet transect, atmospheric vapor δ18O varied from −40‰ to lower than −80‰ and δ D varied approximately from −280 to −390‰. The relationship between water vapor isotopes (δ18O, δ D, and d-excess) and temperature are plotted in Figure 4. Despite the large variability, we observed significant decreases in δ18O and δ D with distance increasing from the coast. And on the contrary, deuterium excess [d-excess, defined as d = δ D –8δ18O (Dansgaard, 1964)] increased with distance away from the coast and showed a significantly high value near inland Dome A where the elevation is above 3,000 m. What needs to be pointed out is that the vapor isotope variation is different among the near coast region and the inland high latitude region, especially in inner land near Dome A, d-excess became higher than other place. This phenomenon displays the temperature effect that dominant water stable isotope fractionation and intensified by the altitude effect. Because when more inner from the coast, the temperature became colder, and higher the elevation made heavy water isotopes to deplete more.
[image: Figure 3]FIGURE 3 | Synthesis multi-index comparison of isotopes and accumulation along transect from Zhongshan to Dome A, all these coincidently shows three climatic regimes, which controls the circulation and isotopic fractionation of the water cycle.
[image: Figure 4]FIGURE 4 | Atmospheric water vapor isotopic composition measured along the transect from Zhongshan Station to Dome A and the relationships between δ18O (A,B), δ D (C,D), and d-excess (E,F) with temperature and altitude, respectively.
The δ18O of atmospheric water vapor shows a temperature gradient of 1.61‰ °C–1, and an altitude gradient of –2.13‰ per 100 m. Similarly, δ D increased with temperature with a gradient of 2.54‰ °C–1 and decreased with altitude with a gradient of −3.52‰ per 100 m, and d-excess decreased with temperature with a gradient of −10.4‰ °C–1 and increased with altitude with a gradient of 13.55‰ per100 m. As shown in Figure 4, the data of interior region near Dome A show apparent different trends with altitudes compared to data from other regions. This may indicate different water vapor sources or dominant fractionation processes in inland plateau because of the extreme cool and dry conditions in comparison with the coast and transition regions from the coast to the plateau. In addition, we compared the relationships of isotopes with temperature and altitude for both surface snow and atmospheric water vapor and found that the isotopes of snow show similar temperature and altitude gradients as water vapor isotopes but the latter with larger variation.
We also observed diurnal cycles of water vapor isotopes along with that of air temperature and humidity (Figure 5), and the magnitude of the diurnal cycle increased as the distance increased from the coast.
[image: Figure 5]FIGURE 5 | Diurnal cycles during the monitoring period. (A) δ18O, (B) d-excess, (C) 2 m air temperature, and (D) water vapor content. The color successive change represents gradual distance variation from near coastal to interior inland Antarctica. All the signals are dominated by the presence of diurnal cycles with the isotope variation amplitude increased to interior.
Implication to Moisture Transport
Based on the data of Antarctic snow and ice isotopes and isotope enabled general circulation models, potential moisture sources for the Antarctic ice sheet, especially the inland high elevation areas near Dome A have been explored (Noone and Simmonds, 2002; Sodemann and Stohl, 2009; Wang et al., 2013; Pang et al., 2015). But up to date, there is still no agreement on the origin of inland Antarctic precipitation (Ding et al., 2015). One of the many factors limits the understanding of inland moisture sources is the insufficient of water vapor isotope data.
For regions below 2,000 m, which are within 200 km from the coast, it has already reached a consensus that the steep coastal orography effectively blocks air masses from mid- and high latitudes with cold potential temperatures and prevents the air masses from penetrating to higher elevations to reach inland Antarctica (Masson-Delmotte et al., 2008), which leads to frequent precipitations in the coastal regions with high snow accumulation of about 100–200 kg m-1a-1 (Ding et al., 2015). Therefore, in this region, the moisture source and the isotopes of water vapor and precipitation are dominated by marine moisture near the coast (Masson-Delmotte et al., 2008; Becagli et al., 2017). For the vast inland areas with elevations between 2,000 and 3,000 m, atmospheric water vapor isotopes were depleted compared to the coast region. This pattern is consistent with the spatial variations in accumulation rates. Accumulation rates decrease from the coast to inland, and lower accumulation rates indicate drier air masses than the coastal region. At the same time, more moisture with depleted isotope compositions prevailing with katabatic wind come from the plateau, where the moistures are more affected by the upper stratosphere. It is noteworthy that in these areas, with distance further from the coast, the vapor isotope composition gradually changed, indicating the intensified influence of fractionations of inner plateau (Figure 3).
Here, we focus on the atmospheric vapor δ D and δ18O of the central Antarctic Dome vicinity area. Apparently, the mechanism controlling isotope fractionation in Dome vicinity is distinct, characterized by much higher d-excess. It is known that central Antarctic plateau prevailed with katabatic wind and air descending, or anticyclonic type of weather. The latter is formed by the formation of the circumpolar vortex in the free atmosphere, which is characterized by low pressure in the center and with clockwise rotation. A previous study has already suggested the possible influence of stratospheric water vapor intrusion from stratosphere to troposphere exchange (STE) (Brewer, 1949; Dobson, 1956; Butchart, 2014).These influences of δ18O and d-excess caused by very strong Rayleigh distillation effects were showed in this study. Previous studies in Vostok (Winkler et al., 2013) revealed that the inland Vostok located within the Antarctica vortex about a quarter of precipitation originates from tropospheric snowfall, whereas 75% is due to hoar frost deposition and diamond dust fall, which may originate from the stratosphere. Despite stratospheric air contains a very low water content (4–6.5 ppm) and the annual supply of stratosphere vapor into troposphere is very small and have very little influence on tropospheric water vapor and isotopic composition. However, for the central Antarctic Dome A region, it may be more important because the extremely low water vapor content and the very low accumulation rate, even more most of the descending flux from the stratosphere occurs at this high latitudes, Dome A is located within the Antarctic descending vortex, which makes it more sensitive to stratospheric air masses input and have strong influence on atmosphere vapor isotope composition as our measurement indicated.
Inland Snow–Air Sublimation/Condensation and the Isotopic Processes
The interior Antarctic region is located within the Antarctic vortex and characterized by very dry and cold backgrounds. The dry and cold conditions also cause substantial isotope exchange between air and snow through supersaturation sublimation and condensation. During our monitoring period, the signals of water vapor isotopes δ18O, δ D, 2 m air temperature, vapor water content (humidity), and d-excess showed apparent diurnal cycles, and the magnitudes of the isotope diurnal variations increased as the distance increased from the coast and close to Dome A. The field observations were conducted when camped every day and were mainly in local “nighttime,” even though the Sun never actually passed below the horizon; however, we have also obtained a whole day data when camped in Taishan Station from 21 December to 23 December. Figure 4 displays the daily isotope and temperature variations from the coastal region to the interior plateau; it is notable that the vapor isotopes varied synchronously with temperature and humidity diurnally, with more depleted isotopes in colder temperatures. Moreover, the inland Dome region is marked by larger magnitude of the diurnal cycle under the colder and drier conditions. These observations suggest substantial temperature-dependent fractionations in Antarctica snow surface and kinetic isotope fractionation occurred in the interior Dome area and that dominates local isotope variations(Ritter et al., 2016; Touzeau et al., 2016; Pang et al., 2019; Hughes et al., 2021), as what has been observed in the Greenland and Antarctic Dronning Maud Land (Steen-Larsen et al., 2013; Steen-Larsen et al., 2014; Ritter et al., 2016).
Since the saturated water vapor pressure over ice is less than that over water, the atmosphere over the Antarctic plateau is saturated (or even supersaturated) by moisture in relation to ice, which favors the formation and growth of ice crystals. Observations showed that sublimation (as high as 10–20% of the total precipitation) mainly happens when air temperature is below −15°C. Thus, the seemly temperature-dependent isotope diurnal cycles of our observation could be deemed to frequent snow–air isotope exchange under an approximate equilibrium fractionation status in sublimation/condensation cycles, and this could also explain that the snow surface was successively acting as a sink during the night and as a source during the day. Because the inland high plateau accumulation is very low, it is not difficult to understand the very high d-excess of isotope composition in both atmosphere and surface was principally influenced by local effects of sublimation and condensation, the partially stratosphere descended air mass with very depleted isotope make the surface snow analogous, and d-excess varied stronger due to very low condensation temperature (<−30°C).
CONCLUSION
In this study, we implemented atmosphere water vapor isotope measurement near the ice sheet surface of East Antarctica, the observation data revealed spatial variation characteristic and influences to the water cycle. Identical measurements in the field showed spatial variation characteristic of atmosphere water vapor isotope composition from Zhongshan Station to Dome A, with a significant interior gradual decrease of δ18O varies from −40‰ to lower than −80, and δ D varies approximately from −410 to −280‰. The relation between vapor isotope and temperature/altitude revealed distinct temperature gradient and altitude gradient. In addition, the distinct spatial variation of vapor isotopic composition indicated three subgroups of vapor δ18O vs. δ D relationship, denoting three different regimes controlling the inland water cycle and corresponding fractionation processes, therefore dividing as the coastal steep area below 2,000 m, the vast inland area with elevation between 2,000 and 3,000 m, and high central plateau.
Additionally, the observed high inland Antarctica water vapor may indicate the substantial influence of stratosphere air and vapor intrusion derived by Brewer–Dobson circulation from low latitudes, which may no longer be considered insignificant for origination of vapor and isotopic composition in central Antarctica plateau. Another conclusion is the signals of water vapor isotopes δ18O, δ D, and air temperature diurnal cycles in Antarctica plateau with amplitude increased for more interior sites, which implied the substantial domination role of supersaturation sublimation/condensation effect in inland; this temperature-related isotope diurnal cycles could attribute to frequent snow–air isotope exchange under the extreme cold equilibrium fractionation condition sublimation/condensation cycles.
In conclusion, our study opens new perspectives on the influence of supersaturation sublimation/condensation effects and postdeposition effects on water stable isotope signal recorded in deep ice cores, and also identifies particular moisture sources and water cycle regimes of inland snow and ice. However, more accurate atmosphere vapor isotope observation and modeling studies are needed for further understanding of past ice core records.
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