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We present the results of a 4-year collaborative sampling program that measured 18O, 2H and 3H concentrations
 in the six largest Arctic rivers (the Ob, Yenisey, Lena, Kolyma, Yukon and Mackenzie).  These new data improve our understanding of the mechanisms controlling flow-weighted 18O values previously reported at each river mouth.  The correlations between 18O and 2H provide insights useful for identifying water sources, mixing and evaporation losses in these Arctic basin rivers. For example, an inverse correlation between the slope of the 18O-2H relation 
and wetland extent indicates that wetlands play comparatively more important roles affecting evaporation losses in the Yukon and Mackenzie basins. Estimates of tritium areal yields and seasonal variations suggest that a tritium-rich water resource is a relatively important component during low flow in the Lena and Yenisey basins.. 
This Pan-Arctic survey of isotope-discharge relationships has revealed both linear and non-linear isotope responses to hydrological variations and suggest future detailed studies to evaluate on-going changes in the Arctic hydrologic system. 

1. Introduction

Dramatic changes have been observed in the Arctic Ocean hydrological cycle over the last century. Many of these observations involve the storage and cycling of fresh water including increased precipitation and river discharge, melting of ice stacks 
on land and sea, and steric sea level changes in the Arctic Ocean (Lewis et al., 2000; Peterson et al., 2002; Scharroo et al., 2006; Steele and Ermold, 2007). These observed changes may have profound consequences on the global oceanic circulation and climate system. For example, a significant change in water column structure in the Arctic Ocean can impact the formation of North Atlantic Deep Water and consequently influence the transport and distribution of heat over the entire northern hemisphere (Aagaard and Carmack, 1989; Rahmstorf, 1995; Peterson et al., 2002; Clark et al., 2002). Because there are multiple sources of freshwater inputs that sustain stratification of the Arctic Ocean, including river discharge, sea-ice meltwater, low-salinity Pacific water imported through the Bering Strait and in-situ precipitation, it is important, but challenging, to distinguish and assess the transport and dynamics of individual freshwater components in the Arctic watershed (Carmack, 2000; Serreze et al., 2006). 

Water isotopes (mainly 18O) have been widely used as tracers to identify and quantify freshwater components to separate water mass contribution and movement in the Arctic Ocean (e.g. Schlosser et al., 2000). The first comprehensive
 stable isotope investigation of the Arctic Ocean was made by Friedman et al. (1961) as part of global surveys of water isotope compositions in natural waters. Seminal work by Östlund and Hut (1984) subsequently demonstrated that 18O end-member analysis can be used to separate meteoric water (including runoff) from the sea ice meltwater. The method was successfully used in the Canada Basin (Macdonald et al., 1995; Melling and Moore, 1995), the Eurasian Basin (Bauch et al., 1995) and across basins in the Arctic Ocean as a whole (Ekwurzel et al., 2001). Interestingly, these studies used varying 18O values for the river runoff end-member. For example, Östlund and Hut (1984) used -21.0‰ for continental runoff based on the Global Network of Isotopes in Precipitation (GNIP). This value was subsequently used by Melling and Moore (1995) and Bauch et al. (1995). However, Ekwurzel et al. (2001) estimated the overall Arctic basin river end-member composition to be -18.0‰, based upon new river data from the Ob and Yenisey while Macdonald et al. (1995) used values of -20.3‰ and -18.3‰ to differentiate summer and winter signatures of Mackenzie River water. This more recent differentiation reflects an appreciation that there are temporal and spatial variations in the stable isotope composition of continental runoff and that there is a need for better constraints on these estimations.

A large dataset documenting 18O values of seawater in the Arctic Ocean has become available due to collective efforts within the oceanographic research community (Biggs and Rohling, 2000; LeGrande and Schmidt, 2006).  At the same time, interdisciplinary approaches to using multiple tracers in large scale hydrological investigations are making it possible to achieve differentiation of the contributions from multiple components of continental runoff (e.g. Guay et al., 2009). Nevertheless, current estimates of isotopic end-members in these multi-tracer studies are often dependent upon a small number of snapshot measurements, without a systematic consideration of temporal variability.  When considering the inputs from high-latitude watersheds, integrating tracer concentrations during the spring freshet (high flow) and under winter ice (low flow) are critical for correctly labeling the fluxes of water, but these are also periods when it is challenging to obtain samples. The Pan-Arctic River Transport of Nutrients, Organic Matter and Suspended Sediments (PARTNERS) project was undertaken between 2003 and 2006 to address this shortage of high temporal resolution data for tracer concentrations in the six largest Arctic rivers by a series of coordinated sampling campaigns (McClelland et al., 2008). 

Flow-weighted estimates of several runoff constituents (18O, DOC, Ba and alkalinity) for the PARTNERS project have been reported by Cooper et al (2008).  Here, we report additional new data on water isotope tracers, including 18O2H and 3H, which offers new insights on the origin of the isotopic signals and isotopic responses to hydrologic variability in the six largest river basins flowing to the Arctic Ocean. 

2. Sampling and Isotopic Analysis

Sampling conducted during the PARTNERS project included river water samples collected near the mouth, but above most tidal influence, thus integrating the overall isotopic content of runoff. These stations located at Salekhard (Ob River), Dudinka (Yenisey River), Zhigansk (Lena River), Cherskii (Kolyma River), Tsiigehthchic (Mackenzie River) and Pilot Station (Yukon).  Daily discharge for each river was measured by United States Geological Survey (USGS, Yukon), Water Survey of Canada (Mackenzie) and Russian Federal Service of Hydrometeorology and Environmental Monitoring (Ob, Yenisey, Lena and Kolyma). It should be noted that permanent gauges are not available for river stations located at Dudinka (Yenisey), Zhigansk (Lena) and Cherskii (Kolyma), so discharge from nearby gauged sites (i.e., Igarka for Yenisey, Kyusyur for Lena and Kolymskoye for Kolyma) are used in this paper.  

Rivers were sampled in all seasons between 2003 and 2006, in order to facilitate collecting representative water samples under various flow regimes. Sampling included low-flows in winter, high-flows during the spring freshet declining flow regimes during summer and fall. Sampling protocols followed United States Geological Survey (USGS guidelines to obtain flow-weighted, depth-integrated samples at each river channel transect.  More details are provided in McClelland et al. (2008) and Cooper et al. (2008).
During the open-water season, five sampling locations at every transect were chosen for the deployment of depth integrating samplers (US D-96). The five depth-integrated samples across the river channel were then mixed in a churn to yield a single composite water sample representative of the river, and the composite sample was submitted for laboratory analyses. For all rivers but the Yukon, the five sampling locations were chosen at equal intervals across the river channel, and the transit rate of the sampler through the water column was adjusted to be constant during the sampling moment (Equal Width Increment method according to USGS terminology). This sampling method results in fairly large volume (3 L) sample from deep locations or in fast currents, but considerable small volume samples from shallow locations or in slow currents. In the case of the Yukon River, the channel transect was divided into five sections, each of which accounts for 20% of the total discharge (Equal Discharge Increment method according to USGS terminology). In the deployment of US D-96, the sampler transit rate was adjusted such that a 3L sample was collected at each location. 

The sampling during ice-covered season differed from the open-water season sampling, in that only one location in the middle of each river channel was drilled to collect near-surface water samples. The elaborate depth-integrated sampling strategy employed during the open water season was designed to accurately quantify suspended sediment flux.  The uneven distribution of sediment through the water column made this approach necessary. However, comparison of preliminary geochemical and isotopic results between two sampling methods indicated that there were no significant differences between near-surface and depth-integrated samples for geochemistry (Raymond et al., 2007). As a result, near-surface samples obtained during ice-covered season are considered representative as those depth-integrated ones obtained during open water season, 
although extra cautions may be applied
.

Isotopic analyses of water samples, including 18O2H and 3H concentration, were conducted at the University of Waterloo – Environmental Isotope Laboratory. 2H in water was determined on a CF-IRMS 
system, by reduction of water to H2 gas using chromium metal as active reducing agent (Morrison et al., 2001); 18O in water was measured on a dual-inlet VG-Micromass 903 mass spectrometer via the CO2 equilibration method (Epstein and Mayeda, 1953). Results are reported as  values (‰) relative to the international reference V-SMOW (Coplen, 1996). Analytical uncertainties are ±0.05‰ for 18O and ±0.3‰ for 2H. Water samples for 3H analysis were subjected to electrolytic enrichment and then analyzed by liquid scintillation counting (Thatcher et al., 1977). Results are reported in TU (Tritium Units; 1TU = 1 tritium atom / 1018 hydrogen atoms, which is equivalent to 0.118 Bq/L. Typical analytical uncertainties are ~ ±3%.

3. Results

Seasonal ranges in 18O and 2H values in the six rivers are shown in Figure 2a. Updated flux-weighted 18O and 2H values (Table 1) were also estimated using the method of Cooper et al. (2008). The Ob in general contributes the most heavy-isotope enriched freshwater to the Arctic Ocean (-15.42 ‰ for 18O and -117.3 ‰ for 2H), while the Kolyma river provides the least (-22.38 ‰ for 18O and -173.2 ‰ for 2H). The other four rivers contribute freshwaters with intermediate isotopic signals.

As expected, 18O values are highly correlated with 2H values, but 18O-2H correlations are in some cases river specific and distinct (Figure 2a and Table 1). 
The variability of isotopic signals in the six large Arctic rivers over the 4-year program is summarized in Table 1. The Ob varied between -13.36‰ and -16.82‰ in 18O (between -100.8‰ and -126.4‰ in 2H), whereas Kolyma varied from -20.64‰ to -23.91‰ in 18O (from -161.0‰ to -184.8‰ in 2H). 
In 18O-2H space (Figure 2a), the Ob has the most enriched isotopic 
distributions, while Lena and Kolyma have the most depleted isotopic signals
. Looking at the Eurasia basins, the Ob and Kolyma Rivers are offset from the Global Meteoric Water Line (GMWL), while the Yenisey and Lena Rivers vary along the GMWL in 18O-2H space.  The isotopic labeling of the Eurasian river basins show a general west-to-east decrease in the 18O and 2H values in river discharge, confirming the observations by Ekwurzel (1998). In contrast, samples from the North American rivers (Yukon and Mackenzie) show conspicuous deviations from the GMWL (Figure 2a).  The slope of the 18O-2H correlations among basins appear to be associated with land cover characteristics. For example, river basins with with the highest percentages of wetland cover tended to have the lowest slopes (m) in the equation 18O=m2H + d and these isotopic correlations also deviated the most from the GMWL (Figure 2b). (Wetland land cover was obtained from the Water Resources Institute eAtlas; Revenga et al., 1998; UNEP-WCMC, 1998). 
Variations in these slopes in the equation 18O=m2H + d are diagnostic of the greater importance of evaporative enrichment of heavy isotopes that occurs in wetlands as the surface area available for evaporation is expanded.  
The d-excess, a derived parameter based on measurements of both 18O and 2H  (d=2H-8×18O), can be used as an index of the degree of evaporative enrichment of a water sample with lower d-excess corresponding to a higher degree of evaporative enrichment in the hydrographic history of a water parcel (give some references; Figure 2a). The sample with the lowest d-excess value in the entire dataset was from the Mackenzie River (-3.5 ‰ ), while the sample with the highest d-excess value was from the Yenisey River (11.4 ‰ ). From highest mean d-excess to lowest, the order of the rivers is: Yenisey (8.2 ‰), Lena (7.2 ‰), Ob (5.8 ‰) and Kolyma (5.7 ‰), Yukon (3.5 ‰) and Mackenzie (-0.7 ‰). The significantly lower d-excess values determined for the two North American rivers suggest a higher  importance for evaporation in these two basins.  

For tritium (3H), the statistical distribution of the data (Table 1, Figure 3a) allow for several generalizations to be made among river basins.  The highest 3H concentration (34.9 TU) was measured in the Lena River, and the lowest 3H concentration (3.0 TU) was observed in the Yukon River.  The Ob, Mackenzie, Kolyma and Yukon Rivers demonstrated a high degree of kurtosis (i.e. a distinct peak near the mean value) in the distribution of tritium concentrations, whereas the Lena and Yenisey Rivers demonstrated low kurtosis in their data distribution.  Fourré et al. (2006) estimated recent natural background concentrations of tritium in precipitation in the high-latitude northern hemisphere to be between 10 and 20 TU. Based upon this estimate, 4 of the 6 rivers (Yenisey, Ob, Mackenzie and Kolyma) are well within the background range.  The Lena River had anomalously high 3H concentrations, while the Yukon River had anomalously low 3H concentrations (Figure 3a).

The mass flux of tritium through each Arctic basin studied was estimated using the tritium concentrations and specific discharges for each river. Flux weighting the mean concentration of 3H in the rivers results in an estimated contribution of ~11.91 g/year of tritium from the six rivers to the Arctic Ocean (Table 1). Estimates for the 3H mass contributions from individual basin (ranging from 0.56 g to 4.14 g) are comparable to those from Mississippi River, which is on the order of 1-2 g per year (Michel, 2004). The tritium fluxes from different basins can be more readily compared by scaling the mass flux to the size of the river basin (mass flux per contributing area) (Table 1). The Lena and Yenisey drainage basins for example, have high tritium areal yields, 1.663(10-6 and 1.189(10-6 g/km2 respectively, whereas the other four drainage basins have relatively low (~0.7(10-6 g/km2) tritium areal yields. A close examination of the seasonal variation in areal yields demonstrates significant seasonal variation (Figure 3b). For high areal yield river basins (i.e., Lena and Yenisey), the tritium flux during the low flow season (i.e. winter months) is significantly higher (~25%) than those in the high flow season (i.e. freshet period). In contrast, there is no significant difference between seasons for low areal yields river basins (Ob, Kolyma, Mackenzie and Yukon).

4. Discussions

Tritium, with a half-life of 12.43 years, was introduced into the atmosphere by thermonuclear weapons testing in the 1950s and 60s, and has been a valuable diagnostic tracer of circulation and exchange processes in world oceans (Dorsey and Peterson, 1976; Östlund, 1994; Frank et la., 1998). Unfortunately, the thermonuclear input function is poorly constrained for the Arctic region (England and Maier-Reimer, 2001). First-hand records of tritium concentration in precipitation and freshwater components are sparse. This is the first study that systematically reports the contemporary flux-weighted tritium concentrations and areal yields in Pan-Arctic drainage basins. The results reveal a pattern of tritium distribution and underlying differences in hydrological processes among the six largest Arctic watersheds.

In a snowmelt-driven hydrological regime, river discharge is typically generated from contemporary precipitation (i.e., snowmelt during freshet and rainfall during summer).  In this type of hydrological setting expected river tritium concentrations should fall within the range found in modern precipitation, as was the case for the Ob, Kolyma and Mackenzie basins (Figure 3a). Similar 3H areal yields (Table 1) and the lack of seasonality in the 3H areal yields (Figure 3b) in these basins also support control by similar hydrological processes. The tritium concentrations measured in the Yukon River are lower than in modern precipitation and consistent with other longer term tritium measurements (Robert Michel, USGS, pers. comm).  It is reasonable to expect that this is due to dilution by tritium-free glacial meltwater in the Yukon basin, which is a much less important component of the other rivers studied. Higher concentrations and areal yields in the mid-continental Eurasian basins (Lena and Yenisey) are consistent with previous observations that mid-continental locations (despite draining northward into the Arctic) have higher concentrations of tritium in precipitation and subsequently in river discharges (Vakulovskii et al., 1978; Michel, 2004). Seasonal enrichment of tritium during low flow (Figure 3b) suggests that tritium-rich (post-1950s origin) groundwater or permafrost meltwater may form a significant component of flow in these basins. 
On the other hand, muted seasonality in the other four rivers indicates that permafrost thaw is less important, or the variations are buffered by wetlands which tend to blend early and late season differences. 

The potential role of permafrost thaw in the Lena and Yenisey River basins is noteworthy, given that permafrost accounts for approximately 78%-93% of the Lena River basin, and 36%-55%
 of the Yenisey River basin (Brown et al., 1998; Serreze et al., 2002). The Lena and Yenisey basins also have proportionally the lowest extent of wetlands relative to river basin size (Figure 2b). Recent increases in streamflow during winter months have been reported for the Lena and Yenisey Rivers (Serreze et al., 2002). This may be due to thawing/releasing of excess ground ice and the contribution of subsurface flow due to increasing thickness of the active layer (Yang et al., 2002; Ye et al., 2004). A recent review of the impacts of permafrost degradation on Arctic river biogeochemistry also emphasizes the potential shift from a surface water-dominated system to a groundwater-dominated system in the Pan-Arctic region (Frey and McClelland, 2009).
 Our observation of high tritium flux (i.e. mass contribution and areal yields) during low flow in the Lena and Yenisey may be a consequence of permafrost degradation, because ground-ice and groundwater are likely to be high in tritium concentration (Burn and Michel, 1988). 
More importantly, our results highlight differences in hydrological processes between the Lena/Yenisey and other rivers.  These results suggest tritium may be a useful tool to identify and potentially quantify the contribution of degrading permafrost to the Yenisey and Lena River basins, as the permafrost, an effective recharge barrier, continues to decay (Smith et al., 2007). 

Table 1 reports a summary of the flow-weighted values of 18O and 2H, representing integrated isotopic signals in continental discharges from individual rivers. The flow-weighted values of 18O for the 6 rivers (Table 1) differs slightly from the values reported by Cooper et al.(2008) (differences range from 0.18‰ for the Kolyma River, to 1.37‰ for the Yenisey River), due to new data. In addition to the flow-weighted values of 18O, we also estimate the flow-weighted 2H values, which have not previously been reported.  Combining the 2H and 18O signals provides insight into the significance of evaporation losses, identifiable in 2H-18O space by an offset from the GMWL and measureable by the slope and d-excess. North American river basins show significantly lower d-excess values than Eurasian rivers (Figure 2a). 
The negative correlation between the 18O-2H slopes
 for each basin and the areal coverage of wetlands (Figure 2b) further suggests wetlands play an important role in the water balance of these basins. In general, the extent of wetlands in the two North American watersheds (27.8% for the Yukon and 48.9% for the Mackenzie) is greater than those in Eurasia (0.6 to 11.2%) (Revenga et al., 1998; UNEP-WCMC, 1998).  These results suggest that different factors need to be considered for monitoring hydrological change in Pan-Arctic watersheds.  Changes in groundwater storage and degradation of permafrost appear to be relevant for the Lena and Yenisey River basins, whereas changes in wetland hydrology and input from glaciers may be important parameters for the Makenzie and Yukon River basins. 

In addition to the indication of evaporation by dual isotopes, 2H results can also serve as a conservative tracer independent of 18O. Efforts to refine our understanding of the fate and transport of continental runoff into the Arctic Ocean require multiple independent tracers to match the number of unknowns when solve mass balance equations (Schlosser et al., 2000). The flow-weighted 2H values reported in this paper are expected to provide end-member references for future application of 2H in multi-tracer investigations
.

The discharge and isotopic data from each river were used to examine the temporal response of stable water isotope signals to hydrological variations. The overall PARTNERS dataset shows an inverse relation between 18O values and specific discharge (Q). In general, as Q increases the 18O values of runoff tend to decrease (Figure 4a). However, a close examination of individual rivers suggests that there are significant differences in response patterns among watersheds. For example, the isotopic variation in discharge in the Yenisey (Figure 4b) is dissimilar to the Ob (Figure 4c). Alternatively, we use discharge anomaly (Q) to facilitate the cross-watershed comparisons (Figure4 d-f) (Yi et al., 2010).


Normalizing the discharge data to produce Q, an index of discharge intensity faciliates comparisons among watersheds. A general trend of decreasing 18O with increasing flow intensity (i.e., Q) is evident in Figure 4d. More importantly, two types of 18O-Q relation can be described. Isotopic variation in the Yenisey, Kolyma, Mackenzie and Yukon responds to discharge intensities in a linear fashion (Figure 4e). The correlation coefficients of liner regressions are usually high, indicating strong linear patterns in these watersheds. On the other hand, isotopic variation in the Ob and Lena are decidedly non-linear (Figure 4f). A quadratic fitting yields a significant correlation coefficient (R2=0.8757) for the Ob River.


An inverse correlation between 18O and Q is expected in snowmelt-driven systems where high flows are associated with melting of the isotope-depleted snowpack, and low flows are fed by groundwater that tends to be more heavy isotope-enriched (reference?). The strong linear correlations demonstrated in Figure 4e suggest that isotopic variation in four of the river basins (i.e., Yenisey, Kolyma, Yukon and Mackenzie) are dominated by snowmelt-driven runoff. Slopes 
of least-squared regressions are higher for the Eurasian rivers than for the North American rivers, indicating a more rapid freshet response in the Yenisey and Kolyma. The linear pattern in the Yenisey (Figure 4e) is mainly due to two clusters of data: one in the range of normal flow intensity (Q~0) and the other in the range of extreme-high flow intensity (Q>2). There are only two samples not included in the two clusters. The isotopic variability during the period of normal flow intensity is also much larger in the Yenisey River than in the other three rivers. Moreover, the Yenisey was also atypical in that tritium areal yield was greater than the range predicted by discharge of modern precipitation, and included strong seasonal differences.  If the Yenisey can be sampled more frequently during normal to high flow transitions (better representing the complete spectrum of flow intensities), it is possible that a more complicated
 18O-Q response maybe observed. 

18O variability in response to hydrological variations for the Lena and Ob Rivers is not as would be expected for river basins more heavily influenced by snowmelt (Fig 4f). Instead of a gradual decrease in 18O values as flow intensity increases, the Lena 18O data demonstrate abrupt shifts between high and low flows without any apparent transition. The Ob, in contrast, can be explained by a quadratic formulation (R2=0.8757) similar to what was observed for the Liard River, a mountain-wetland transitional basin situated within the Mackenzie Basin (Yi et al. 2010). In the Liard River, lowest flows are likely fed by groundwater, whereas normal flows (Q ~0) are fed by mixtures of groundwater, precipitation and surface water that is typically enriched in 18O. This may explain the initial increase in 18O values in both the Ob and Lena basins as Q increases from -1 to 0.  The quadratic overturn in the 18O-Q relationship for the Ob was probably driven by proportional increase in snowmelt contribution. At extremely high flow conditions (Q≥2), the Lena basin discharge had consistent, very low 18O values (~-23.20‰), which is different from the Liard river, while no data were available for the Ob basin. It is also worth noting 
that the two rivers (the Lena and Yenisey Rivers) that had elevated tritium concentrations in the low-flow discharge are significantly different in their 18O-Q response. 
This suggests a possible distinction between the two basins. In the Yenisey basin, the linear response may be a result of flushing of the active layer with snowmelt as the dominant process.  In contrast, the non-linear response of the Lena basin suggests that the release of ground-ice through the active layer can be important, because ground-ices are likely to have a small range of isotopic variability (reference?).  The contrast between the two types of basins will be related to the strength of snowmelt and degree of connection to surface/subsurface water sources.

Conclusions: Flow-weighted isotopic signatures (18O, 2H and 3H), as well as river specific 18O-2H correlations, provide a useful reference for understanding the continental discharge of individual rivers to the Arctic Ocean. River-specific slopes of the 18O-2H relation 
are inversely correlated with areal coverage of wetlands within each drainage basin, suggesting that wetlands could play an important role in controlling evaporative losses, particularly for the Yukon and Mackenzie basins.  The Lena and Yenisey have comparatively high 3H concentrations and high 3H areal yields, possibly explained by inputs of tritium-rich groundwater or degrading permafrost. Finally, we also observed two types of isotopic variability in response to hydrological variations for the six Pan-Arctic basins, one was linear, and the other was non-linear in relation to discharge.  These different types of responses highlight the variability and complexity of hydrological processes in Arctic drainage basins.  These results indicate that hydrological change is not driven by a single factor (e.g  snowmelt), and that identifying and monitoring hydrological change will require a drainage-basin specific approach.  Our results suggest that the Lena and Yenisey basins may require detailed isotopic investigations targeting groundwater and permafrost impact to capture important hydrological changes in these basins.  In contrast, monitoring hydrological change in the Yukon and Mackenzie basins could profit from attention to the role of wetlands and numerous basin lakes that apparently influence watershed-wide water balance budgets.  
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Figure Captions:

Figure 1: Circumpolar map of the six river basins sampled in this study. Outlines of the boundary of each watershed are illustrated by black solid lines. Sampling locations are indicated by red circles.  The solid red line delineates the contiguous southern boundary of the area contributing freshwater into the Arctic Ocean.

Figure 2:18O and 2H signals in river discharge. a) 18O-2H space. Results from six rivers are plotted in different colors and shapes as indicated in the legend. The solid grey line represents the Global Meteoric Water Line (GMWL). Three dashed lines are examples of river-specific 18O-2H correlations, which are distinctive among rivers (Table 1). From the blue to black and dark brown, the three lines are indicative of Ob, Lena and Kolyma rivers. The inset in top-left corner is the box-whisker plot of d-excess distribution, calculated from every pair of 18O and 2H measurements. The dash line indicates the reference value of 10 from GMWL. b) The relation between wetland percentage coverage in river basins and the slope of 18O-2H correlation. River basins are indicated by the text in the plot. 

Figure 3: 3H signals in river discharge. a) the box-whisker plot of tritium concentration measured in each river. b) the estimated areal yields from individual river basins. The estimations are presented in two seasons, freshet season (black bar) from May to June, and low flow season (white bar) between July and December pulsing the period from January and March in the following year.

Figure 4: Isotopic variation-discharge relations. This figure presents a series of plots on 18O values vs. discharge in the six river basins. Since 2H signals linearly correlate with 18O values in a river-specific fashion, a similar relation using 2H is available (data not shown). The left column of the figure is based on 18O vs. specific discharge (Q): a) is the composite plot that do not distinguish datum from individual rivers; b) and c) are the river-specific plot that annotate results from individual rivers as indicated by the legend. The right column of the figure is based on 18O vs. discharge anomaly (Q): d) is the composite plot that do not distinguish datum from individual rivers; e) and f) are the river-specific plot that annotate results from individual rivers. Q is a normalized measurement of specific discharges in relative to the mean and standard deviation (Yi et al. 2010). It is an indicator of flow intensity.  
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Table 1: 
A summary of variability and flux-weighted 18O, 2H values and 3H concentrations in the six largest Arctic rivers 
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�Concentrations isn’t really the right word here, except possibly for tritium. The delta O-18 and deuterium data are ratios referenced to a standard. You could derive concentration data from the ratios, but in practice, this isn’t done. 


�Not sure this sentence is necessary. It is too general and I’m not sure exactly what it means either


�This probably ought to be stated as an equation, e.g. d18O = slope dD + intercept. Otherwise, the reader has no way of knowing if the slope is for the opposite equation dD = slope d18O + intercrpt. 


�Suggest dropping this sentence as it is speculative rather than a summary of what the study shows. It is fine for the discussion section, but probably not for the abstract. 


�Change the whole manuscript to double spacing. It is easier to review and that is the standard for most journals at the submitted manuscript stage. 


�Not sure what an ice stack is. This isn’t standard terminology. 


�I don’t think the few arctic data points in the Friedman paper make it comprehensive and it is really about the isotopic content of arctic sea ice, not about the Arctic Ocean per se, so on those criteria, it seems a big stretch to say that is was a comprehensive isotopic study of the Arctic Ocean. 


�I’m not sure all of this is necessary if the sampling details are available elsewhere. Maybe a skimmed down version would be better. 


�Again, this doesn’t all seem necessary, especially since part of the discussion is about suspended sediment fluxes and the paper is about isotopes of water. 


�Awkward phrasing


�Spell out Continuous-Flow Isotope Ratio Mass Spectrometer on first use, then give abbreviation if it is used again. 


�This seems redundant with the last paragraph. Granted a little more detail, but probably ought to be folded into the prior paragraph, so all the variation, averaged, flow-weighted, ranges etc. is all discussed at once. 


�“Most enriched” has to be in reference to an isotope. 


�Make these comments in reference to heavy isotopes, enriched by itself is not meaningful


�Yes, but the reader was told that in the methods. 


�I think since the methods and results section start with the stable isotopes, the discussion should keep the same sequential pattern.  This seems like an odd way to start the discussion too; introductory material about the input of tritium combined with conclusion statements such as the last couple sentences. I think you want to discuss the results and put these statements elsewhere.


�I just don’t know about this. Maybe this is the case, but the argument just doesn’t seem that persuasive to me. I wonder about the source of water during low flow vs. freshet, and maybe 


�Why the big range. Isn’t it more certain that?


�Yes, but this doesn’t seem like a comment that helps the discussion that much. 


�I don’t find this assertion that convincing. 


�Yes, but that has already been said previously. 


�The equation for which a slope is calculted should be identified. People don't know what this means otherwise. 


�I think these statements need more justification


�I think it is true that the combination of oxygen and hydrogen isotopes adds to what we have for oxygen isotopes alone, but I would be careful about making the claims here until it is shown that there is something you can get from hydrogen isotopes alone that you cannot get from oxygen isotopes alone. 


�This needs to be explained better. The transition is abrubt


�Explain more…


�This is fine, but it needs to be introduced as a topic. 


�Regressons of d-18 and delta Q?


�Complicated? Or consistent?


�I think it is worth noting that this phrase can be overused. 


�I’m having a hard time distilling the take-home message


�I think this needs to be explained better.


�Better to spell out the equation; it is more precise. 


�These are nice insights, but they are unclear and maybe should be incorporated into the text instead of left in the figure caption. 


�The references throughout the text needs to be brackets not parentheses as per AGU style,  Parentheses here are OK, but you need the doi numbers for all the references that have them. Official journal abbreviatins too. 


�You will have to work with Jim McClelland to make sure he agrees with the calculations. The numbers are different than in Cooper et al. 2008, which is fine if they reflect updated data, but I think we still need to verify the calculations. 
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