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Abstract

:

Arctic environments experience rapid climatic changes as air temperatures are rising and precipitation is increasing. Rivers are key elements in these regions since they drain vast land areas and thereby reflect various climatic signals. Zackenberg River in northeast Greenland provides a unique opportunity to study climatic influences on discharge, as the river is not connected to the Greenland ice sheet. The study aims to explain discharge patterns between 1996 and 2019 and analyse the discharge for correlations to variations in air temperature and both solid and liquid precipitation. The results reveal no trend in the annual discharge. A lengthening of the discharge period is characterised by a later freeze-up and extreme discharge peaks are observed almost yearly between 2005 and 2017. A positive correlation exists between the length of the discharge period and the Thawing Degree Days (  r = 0.52 , p < 0.01  ), and between the total annual discharge and the annual maximum snow depth (  r = 0.48 , p = 0.02  ). Thereby, snowmelt provides the main source of discharge in the first part of the runoff season. However, the influence of precipitation on discharge could not be fully identified, because of uncertainties in the data and possible delays in the hydrological system. This calls for further studies on the relationship between discharge and precipitation. The discharge patterns are also influenced by meltwater from the A.P. Olsen ice cap and an adjacent glacier-dammed lake which releases outburst floods. Hence, this mixed hydrological regime causes different relationships between the discharge and climatic trends when compared to most Arctic rivers.






Keywords:


arctic drainage; proglacial river; hydroclimatology; mountain hydrology; snowmelt; GLOF; climate variability; Greenland












1. Introduction


Various components of the Arctic system are characterised by rapid climate changes, which are mainly driven by increases in air temperature more than twice the global average [1]. An intensification of the hydrological cycle is observed coherent with the increase in air temperature, which is reflected by increases in humidity, precipitation and river discharge [2]. River discharge is a major source of freshwater to the Arctic ocean, as it receives more than 10% of the global river discharge, while the Arctic ocean only contains around 1% of the global ocean volume [3]. The relatively warm freshwater influx is influencing the thermohaline ocean circulation and affecting regional sea ice formation [4,5]. In addition, river inputs of nutrients and organic matter influence the coastal ecological productivity [3,6].



Arctic-draining rivers in Eurasia and North-America show an increase in freshwater discharge to the Arctic ocean, which is frequently accompanied by a shift towards an earlier start of the melt season [7,8]. Several explanations have been suggested for this increase, although the contributions of the individual processes have been difficult to determine. An increase in atmospheric moisture content resulting in more precipitation is often proposed as the main cause of the increasing river discharges [9,10]. Other explanations are the negative mass balances of glaciers which on short-term contribute extra water to rivers downstream [11], and increased groundwater contribution due to permafrost thaw [12,13]. Meltwater-fed rivers outside of the Arctic region show varying discharge trends [14,15,16].



It should be pointed out that the majority of precipitation in the Arctic falls and is stored as snow, and therefore snowmelt in spring contributes significantly to river discharge [17]. However, Bintanja and Andry [18] project a decrease in snow for the future Arctic, as a greater proportion of precipitation will likely fall as rain. A decrease in the snow cover extent and length have already been observed for the Arctic, but seem to mostly affect the timing of the discharge [2,19].



The largest Arctic-draining river watersheds (e.g. Mackenzie, Ob, Lena and Yenisei), originating from North-America and Eurasia, have been the most extensively studied rivers [8,20]. But studies on the discharge of Arctic rivers in Greenland are scarce, even though the Greenland ice sheet (GrIS) is currently the largest contributor to freshwater flux into the global ocean [1]. Although the GrIS loses significant amounts of its mass through solid ice discharge, the total mass loss of the GrIS is dominated by meltwater runoff since recent years [21,22]. Long-term discharge monitoring of proglacial rivers, such as the Watson River and the Zackenberg River, allow for insights into the discharge patterns of Greenlandic rivers, and thus into the meltwater runoff [23,24].



Zackenberg River in northeast Greenland provides the longest discharge record from Greenland, although the proglacial river is not connected to the ice sheet itself. Yet, local glaciers and ice caps outside the GrIS are expected to have a strong impact on the freshwater flux [25]. As the Zackenberg River is not influenced by ice sheet melt processes, this potentially allows for a better examination of the effect of other climatic parameters on the discharge, such as air temperature, precipitation and snowmelt. In addition, due to its remote location Zackenberg River is not influenced by water management practices, while it is observed that dam constructions and reservoirs influence discharge patterns [20,26]. A study on the discharge of Zackenberg River indicated an increase in annual discharge over the period of 1996 to 2003 [27]. The discharge measurements of Zackenberg River are currently available up to 2019, which offers the opportunity to reassess trends in river discharge for the last 24 years. The discharge measurements are well-suited for studies on long-term climate-induced discharge variability.



The aim of this paper is to describe the changes in discharge patterns in terms of the total discharge volume, peak discharge, timing of the river break-up and freeze-up and length of the entire discharge period of the Zackenberg River between 1996 and 2019. The discharge properties are analysed for correlations to variations in air temperature and precipitation (including snow properties), as these are considered the main drivers of many changes in the Arctic system [1]. The findings are compared to the study of Mernild et al. [27] to assess how the observed trends for the period between 1996 and 2003 have developed in the following years until 2019. The analysis indicates that the increasing trend in discharge, as observed by Mernild et al. [27] until 2003, did not persist. This study aims for providing explanations for this observed change in the discharge trend by means of the correlations to air temperature and precipitation.




2. Study Area


Zackenberg Research Station (74°28′07″ N, 20°34′00″ W, Figure 1), which is owned by the Government of Greenland and run by the University of Aarhus, was established in 1995 and officially opened in 1997 [28]. It is located in the northeast of Greenland, 90 km east from the GrIS at an elevation of 38 m a.s.l. [28,29].



The research station is built in the Zackenberg Valley next to the Zackenberg River, which flows into the Young Sound-Tyrolerfjord. The valley runs along an 8 km long north-south geological fault zone [29] with the Zackenberg mountain (1372 m a.s.l.) on the western side and the Aucellabjerg Mountain (911 m a.s.l.) on the eastern side of the valley [29,32].



The drainage basin of the Zackenberg River (514 km2), which varies in altitude between 0 and 1450 m a.s.l., includes Zackenbergdalen, Store Sødal, Lindemansdalen and Slettedalen [33]. The drainage area is 20% covered by glaciers at elevations above 1000 m a.s.l. The A.P. Olsen ice cap covers an area of 295 km2 and is located 35 km northwest of Zackenberg. A marginal, glacier-dammed lake of the ice cap causes episodical flood waves into Zackenberg River [34]. The proglacial Zackenberg River is not connected to the GrIS, which means the discharge is not directly influenced by processes on the ice sheet [32]. The drainage area of Zackenberg River is not significantly influenced by groundwater [35].



The mean annual air temperature (MAAT) is −8.9 °C and the average annual precipitation is 194 mm (Figure 2). On average 75% of the precipitation falls as snow [36], which forms a continuous winter snow cover starting between the beginning of September and the end of October until mid-late June [32]. The availability of water in the growing season is mainly controlled by the melting of large snow patches, as the summer precipitation is low [37]. The vegetation in the valley consists of shrubby Cassiope [38]. A numerical model calculated the permafrost thickness in the area to be 200 m to 300 m in the valley and 300 m to 500 m in the mountains [39]. The hydrological regime of the Zackenberg drainage basin is classified as glacio-nival, but some parts, which are especially close to the glaciers, are purely glacial regimes [32].




3. Methods


3.1. Data Measurements


In this study hydrological and meteorological data from the GEM (Greenland Ecosystem Monitoring) programme is used to observe the discharge patterns of Zackenberg River and to find correlations between discharge and climatic conditions. The GEM involves long-term monitoring and research of ecosystems and climate change effects at three different stations (Nuuk, Disko and Zackenberg) in Greenland [42]. This study uses data from Zackenberg including river discharge [43], air temperature [40], precipitation [41] and snow depth [44].



The discharge is calculated through water-level measurements, which are taken every 15 min by two radar sensors since 1996. The established water-level–discharge relationship is controlled by manual discharge measurements throughout the year. These are conducted with water flow velocity measurements with either a Q-liner or a Valeport electromagnetic flow meter. Since the river bed changes naturally, the water-level–discharge relationship is recalculated regularly [45].



Zackenberg River completely freezes-up during winter, which means that there is no under-ice discharge during this time. Manual discharge measurements are important after river break-up and before freeze-up, when the river bed is covered with snow and ice, since the water level cannot be measured by the automatic sensors in this case. The discharge between manual measurements are interpolated values [45]. The date of the river break-up corresponds to the date when the first streamflow is observed after the winter and the freeze-up to the date when the last streamflow is noticed before winter. Since Zackenberg Research Station is not manned during winter the monitored dates of river break-up and freeze-up are limited to the staffed season where observations are carried out (K. Langley, personal communication, 15 February 2021). In the case of flood events the discharge is extrapolated, wherefore these peak values are statistical estimations [45].



Air temperature and precipitation monitoring in the valley started in August 1995 [38]. Air temperature is measured at two masts, which are ca. 10 m apart from each other (primary station 640 at 74°28′18.9″ N, 20°33′7.5″ W, 44 m a.s.l. and secondary station 641 at 74°28′18.8″ N, 20°33′8.6″ W, 43 m a.s.l.). The two available stations allow comparison and correction of the temperature values. Air temperature recordings are conducted with a Vaisala HMP 45D sensor 200 cm above ground and are given in 60 min average values [46].



The accumulated precipitation is measured hourly with two precipitation gauges close to station 640/641 [46]. The first installation only recorded liquid precipitation [38], therefore a snow-water–equivalent was calculated from snow depth measurements [27]. In 2010 it was reported that an Ott PLUVIO gauge (1.0 m above ground) and a Belfort 5915 × gauge (1.5 m above ground) were installed [46]. The most recent monitoring manual reports two PLUVIO gauges for precipitation measurements [47]. Belfort and PLUVIO gauges both weigh the precipitation to measure the accumulated precipitation, which makes it possible to monitor precipitation in its liquid and solid phase [48]. Due to the changes in the method of precipitation monitoring and reports about missing values in 2010 and 2014 [49] caution is suggested with the precipitation values.



Snow depth monitoring in Zackenberg started in 1997 [50]. The observation site lies ca. 30 m north of station 640/641 [47]. Data is monitored every three hours with a sonic range sensor (Campbell SR 50-45) ca. 1.8 m above ground [46]. The representation of the snow depth measurements for the drainage basin might be limited due to the heterogeneous topography. Snow depth is only recorded at one station in the valley and these measurements potentially differ from other locations due to snowdrift [45] and accumulation differences. However, it is expected that the snow depth monitoring location in the valley is representative for the entire drainage basin.




3.2. Data Analysis


Following Mernild et al. [27] Thawing Days (TD) and Thawing Degree Days (TDD) were calculated to analyse the correlation of river discharge to air temperature. Thereby, TD were calculated as the sum of days of a year where the daily mean air temperature was above 0 °C. TDD were calculated by summing up the daily mean air temperatures of a year where temperatures were above 0 °C. The values of TD and TDD are expected to influence the discharge patterns of the river, since thawing conditions cause the melt of the accumulated snow of the drainage area [27]. Therefore, the length of continuous snow cover (with snow depth ≥ 1 cm) and the max. snow depth (daily average) were calculated for each winter season.



Cumulative CO2 emissions are almost in a linear relationship with global mean surface temperatures [51]. Therefore, simple linear regression was used to calculate a linear equation describing a particular variable throughout the observation period. The strength of the linear relationship is indicated by the squared residual (R2). The Pearson’s correlation coefficient (r) was used to describe the direction and strength of a linear relationship between two independent variables, in this case between particular discharge properties and the other parameters. The p-value was calculated to assess whether the correlations are statistically significant. The significance level ( α ) is set to 0.05, which means all correlations with p-values below 0.05 are considered to be statistically significant.





4. Results


4.1. Hydrological Parameters


The discharge measurements between 1996 and 2019 are visualised in annual hydrographs (Figure 3). The discharge generally varied between 20 m3 s−1 and 60 m3 s−1, excluding the low values during the river break-up at the beginning of the season and the freeze-up at the end of the season. A visual examination of the hydrographs demonstrates multiple peaks in the discharge. Extreme peak discharge events (>150 m3 s−1) occurred almost every year between 2005 and 2017, except for 2008 and 2010. These extreme events generally occurred at the end of July or in August. The highest peak discharge occurred in 2009 with an estimated discharge of 383 m3 s−1, while the lowest peak discharge occurred in 2010 with a discharge of 45 m3 s−1. Linear regression analysis reveals an increase in peak discharge of 2.4 m3 s−1 yr−1, but the variation cannot be explained by the regression model.



The average total annual discharge between 1996 and 2019 is 1.9 × 108 m3 and varies between 1.3 × 108 m3 (1996) and 3.4 × 108 m3 (2002). Above 70% of the total discharge occurs in June and July. A linear regression analysis demonstrates a negligible linear trend between 1996 and 2019, with an increase of 0.004 × 108 m3 yr−1, but the variation in discharge cannot be explained by the linear model (Figure 4a).



The river break-up during the observation period ranged between 8 May in 2011 (day of the year 128) and 20 June in 2018 (day of the year 171), but generally occurred in the beginning of June (Figure 5). The river typically froze over at the end of August or the beginning of September between 1996 and 2006 and around mid-October since 2007. The average length of the river discharge period was 112 d, and varied between 61 d (1999) and 160 d (2011). Linear regression analysis shows that the river discharge period increased around 2.2 d yr−1 (   R 2  = 0.33  ), which was mainly caused by the extension of the period into autumn (Figure 5). The river break-up does not appear to be starting significantly earlier throughout the observation period.




4.2. Meteorological Parameters


4.2.1. Air Temperature


The mean air temperature of the observation period is −8.9 °C and is normally above 0 °C from June to mid-September (Figure 2). The MAAT varies between the coldest MAAT of −10.09 °C measured in 1997 and the warmest MAAT of −6.73 °C measured in 2016. The linear regression analysis indicates an increase in MAAT by 0.056°C yr−1 (   R 2  = 0.27  ; Figure 4b). The max. air temperature which was measured in the period from August 1995 to December 2019 was 22.9°C and occurred on 21 July 2006. The min. air temperature of −38.9°C was measured on 23 February 1998.



The study period is characterised by an average of 104 TD in a year. TD reached their min. with 89 d in 2000, while TD reached their max. with 123 d in 2016. For the study period TD shows an increasing trend of 0.6 d yr−1 (   R 2  = 0.20  ). The observation period is characterised by on average 475 TDD in a year. The max. TDD reached 712 in 2008, while the min. TDD of 301 occurred in 2018. A considerable increasing trend in TDD of 6.7 yr−1 is observed (   R 2  = 0.20  ; Figure 4c).




4.2.2. Precipitation


The average annual precipitation in the period between 1996 and 2019 is 194 mm (Figure 2). The year with most precipitation was 2017 with 371 mm and the year with least precipitation was 2000 with 60 mm. In general, there is relatively little precipitation during the year and it varies between the max. monthly average precipitation in January with 24 mm and the min. monthly average precipitation in March and April with 7 mm. The linear regression reveals an increase in total precipitation of 7.7 mm yr−1 between 1996 and 2019 (   R 2  = 0.33  ; Figure 4d). Caution must be given to the fact of missing values in the precipitation data for the years 2010 and 2014. The total precipitation sums for these two years therefore only indicate a minimum estimation of precipitation [49].




4.2.3. Snow Cover and Depth


A continuous snow cover exists on average 257 d per winter season in the study period 1997–2019. The shortest snow cover length is observed in the winter of 2008/2009 with 167 d, while the longest snow cover lasted 314 d in 1998/1999. The trend in the snow cover period shows a lengthening by 0.6 d yr−1 (  R 2   = 0.01).



The max. snow depth in the study period was 1.33 m and occurred on 15 April 2002 (Figure 6). In the season 2012/2013 the smallest max. snow depth measured was 0.11 m on 30 March 2013. On average the max. snow depth of a winter season was 0.79 m. Linear regression analysis reveals a negligible trend in max. snow depth (−3 mm yr−1), but the variation cannot be explained by the regression model. The max. snow depth was reached between March and May. An exceptionally early max. snow depth of 0.33 m was measured on 21 January 2019.





4.3. Correlations


In Table 1 the calculated correlations are given in order from high to low correlation coefficients (r) with their corresponding p-value. The Pearson’s correlation shows a significant moderate positive relationship between the length of the discharge period and the TDD. Another significant moderate positive relationship is found between the total annual discharge and the annual max. snow depth. A significant moderate negative relationship is found between the daily average discharge and the daily average air temperature. A weak positive relationship is found between the total annual discharge and MAAT, but the high p-value indicates this relationship is not statistically significant. No correlation is found between the discharge data and the precipitation data.





5. Discussion


5.1. Trends in Discharge and Meteorological Parameters


Zackenberg River discharge reveals neither an increasing nor a decreasing trend in the 24-year monitoring period. Mernild et al. [27] described an increasing discharge over the period 1996–2003, as also visualised in Figure 4a. However, this trend does not continue over a longer observation period.



The observed increasing air temperature trend by ca. 0.06 °C yr−1 by Mernild et al. [27] remained stable for the study period 1996–2019. The relatively high negative correlation between the daily discharge and the air temperature might be the result of leads or lags in the system, as changes in air temperature might not be recorded in the river discharge within the same day. Total annual discharge only shows a very weak correlation with the MAAT and a similar low correlation exists between the total annual discharge and TDD. This does indicate a certain influence by the air temperature, as warmer temperatures align with a higher discharge. It is reasonable that the connecting factor of this weak relationship between air temperatures and discharge is the A.P. Olsen ice cap. Namely, increasing temperatures are followed by increasing melting rates of the glacier and thus intensified discharge. Furthermore, a positive TDD trend is an important factor for the lengthening of the discharge period.



Snow is an important contributor to the annual discharge of Zackenberg River (Figure 6). The snowmelt contributes most discharge in the first half of the runoff season, and since summer precipitation is generally low, most discharge is observed in the first part of the runoff season. The snow depth remained relatively stable throughout the observation period, which might explain the lack of trend in the discharge of the nival-dominated river. After snowmelt, it is primarily the glacier in the drainage area which contributes high amounts of discharge in late summer. Citterio et al. [52] report that almost 40% of the discharge originates from the A.P. Olsen ice cap during that time.



The recurring events of extreme discharge, probably caused by glacial lake outburst floods (GLOFs) originating from a glacier-dammed lake near the A.P. Olsen ice cap, contribute high proportions of water to the annual discharge as well. Between 2009 and 2013 5% to 10% of the annual discharge originated from GLOFs [35]. The GLOFs occur approximately with an annual cycle in the Zackenberg region [34] and seem to be timed with the max. active layer thickness of the particular season [35]. There is still no agreement whether climate warming will raise the probability of GLOFs and their intensity due to melting glaciers [53] or whether increasing temperature will not impact the frequency, magnitude and timing of GLOFs as long as the glaciers exist [35].



Difficulties are encountered when examining the relationship between the increasing precipitation trend and the discharge, which can be explained by a combination of factors. Mernild et al. [27] observed no precipitation trend between 1996 and 2003, but over the 24-year observation period precipitation sums did increase (Figure 4d). As described in Section 3.1, the precipitation data exhibits uncertainties due to changes in the monitoring procedure and missing data. Furthermore, the measurement of precipitation in cold climates faces many challenges due to the extreme conditions, like accidentally catching blowing snow in gauges [54]. Therefore, the precipitation sums may come with high errors, which leaves the question for a reliable trend in precipitation unsolved, especially as a less pronounced increasing trend in precipitation is found over the observation period when considering the higher reported precipitation values between 1996 and 2007 by Jensen et al. [49] than the data of GEM [41] used in this study.



A delay in the transfer of the precipitation signal to the discharge can be caused in different ways. Since most precipitation falls as snow, a time lag occurs between the precipitation event and the melt of snow which contributes to the discharge. This time lag in most cases is several months long, if new snow in autumn melts in the following year. Moreover, precipitation is stored in the ice cap, lakes and possibly in soils. For example, precipitation is partly stored in the lake in Store Sødal and the glacier-dammed lake, which can cause a delay in the runoff at the downstream part of Zackenberg River where discharge is measured. The precipitation signal can also be weakened by water evaporation from the lake surfaces, although this effect is probably minimal considering the cold summer temperatures.



The missing signal of increasing precipitation in the discharge record could be explained by a shift from solid towards liquid precipitation as an effect of rising temperatures in Zackenberg. It is predicted that precipitation in Greenland will stay dominated by snow fall [18], but the proportion of rain precipitation events is likely to increase in Zackenberg [55]. Berghuijs et al. [56] observed that a shift towards snow causes higher discharge rates in rivers, which implies lower discharge rates could occur for the Zackenberg River with a shift towards rain. In this way the relationship between the increasing precipitation (including both rain and snow) and the discharge is obscured. Unfortunately, the precipitation data is not separated in rain and snow, and it is therefore difficult to determine whether a shift towards rain has already occurred.



Overall, the discharge of Zackenberg River has a high dependency on snowmelt, glacier melt and flood events. These factors, combined with a time lag of the precipitation runoff and problems with the data, make it difficult to follow the signal of precipitation in discharge. Only the snowmelt shows a statistically significant influence of precipitation on discharge.




5.2. Comparison to Other Studies


A comparison is made to other rivers in Greenland, the Arctic and other regions to find explanations for differences in the discharge patterns across the Arctic. However, differences in scale, geology, topography and latitude between the river basins complicate the comparison. Furthermore, the global warming trend has changed in strength throughout the 20th century [57], which is important to consider when comparing trends from studies with different observation periods.



Various studies on discharge trends for Greenlandic rivers seem to contradict each other. A reconstruction of the discharge of the Watson River, which is connected to the GrIS, between 1946 and 2017 by van As et al. [24] showed that the total discharge increased, which was explained by intense ice sheet melting and an extended melt season. However, a study by Overeem et al. [58] showed that the total discharge of both the Watson River and Naujat Kuat River, derived from satellite data (MODIS), demonstrated no significant increasing trend over the 2000–2012 record.



Overeem et al. [58] suggest the lack of trend might be caused by water storage within the glacio-hydrological system, which might be applicable to the Zackenberg River discharge as well. Melt from the A.P. Olsen ice cap is captured in a lake in Store Sødal upstream of Zackenberg River (Figure 1). This temperature-derived signal might therefore not be directly transferred to the discharge measured downstream. Nonetheless, it is important to note that both the Watson and Naujat Kuat rivers are ice sheet-marginal rivers, so the influence by the ice sheet is not comparable to the influence of the A.P. Olsen ice cap to the Zackenberg River.



In contrast to the discharge trend of Zackenberg River, increasing annual discharge trends have been observed for the majority of rivers in the Arctic: for Eurasian rivers for 1936–1999 [59], for northern Canadian rivers for 1975–2013 [60], for rivers across the entire Arctic for 1977–2007 [7] and for the four largest rivers in the Arctic for 1980–2009 [8]. Regarding the timing of the discharge, the spring stream flows are occurring earlier in the year and extending later into the year, as found for Eurasian Arctic rivers (1958–1999) by Tan et al. [19], for the four largest rivers in the Arctic (1980–2009) by Ahmed et al. [8] and across northern Canada (1964–2015) by Shiklomanov et al. [20]. In comparison, Zackenberg River is characterised by a later freeze-up instead of an earlier river break-up, perhaps due to an increase in TDD. Extension of the discharge period by late-summer rain events as observed by Ahmed et al. [8] for Eurasian rivers (1980–2009) has probably not occurred yet for Zackenberg River, but might as well be realistic in the future.



Rivers fed by meltwater outside of the Arctic demonstrate varying trends. River basins in the Himalayas do not show trends in the discharge (1962–2000), although the lack of good-quality data limits the analysis of trends and the monsoon influences the discharge [14]. A glacier-fed river basin in the Andes of Chile shows a decreasing trend in discharge for 1955–2016 [16], while rivers in the European Alps with glacial regimes show an increase in discharge and an increased duration of snowmelt flow [15]. Many different factors influence the discharge, so naturally glacial rivers around the globe do not respond similar to climate change and therefore do not show the same response as Zackenberg River in Greenland.



The most proposed explanation for the increasing discharge is an increase in moisture transport due to sea ice decline and the resulting changes in precipitation patterns [20,61]. The majority of the discharge from Arctic rivers is originating from (spring) snowmelt [8], and thus especially increases in winter precipitation (as in Western Siberia and the Canadian Arctic) and the resulting snow accumulation can explain the increases in the nival-dominated rivers [62,63]. The snow cover duration in the Arctic has not changed significantly, but an earlier snowmelt in the year probably caused a shift towards higher discharges in spring [19]. For Zackenberg both the max. snow depth and the snow cover duration have not changed significantly, thereby explaining the difference in discharge trend compared to other Arctic rivers. There is an increasing precipitation trend in Zackenberg, but no distinction is made between snow and rain, and can therefore not provide insight into the actual trend for snowfall.



Relationships between precipitation patterns and the Arctic Oscillation (AO) and/or North Atlantic Oscillation (NAO) have been recognised [61,62,64]. However, the relationship depends on the location, and is actually found to be reversed for the Canadian Archipelago versus the Greenland Sea region [63]. This might explain the differences in trends in snowfall and thus discharge between North-America and Greenland. However, the oscillations and the atmospheric response are still poorly understood, which especially accounts for the mechanism in relation to snowfall [61,62].



Opposing to the precipitation patterns, air temperature records are accurately and consistently documented across the Arctic [2]. Increases in the air temperature have caused changes in the cryosphere, such as permafrost thaw and increased glacier melt, which might have lead to the observed increases in discharges across the Arctic [2,12,20,65]. An increase in the active layer thickness [66] and a relatively stable negative mass balance for the A.P. Olsen ice cap are observed in the Zackenberg area [67]. The increase in the active layer is probably not releasing a significant volume of water compared to the total discharge. There is probably no increased contribution of glacier meltwater, as the negative mass balance is rather stable. Besides, the decrease in glacier area might even cause a decrease in total meltwater on the long-term [68].



It appears that the lack of an increasing discharge trend of Zackenberg River is unique across the Arctic. Zackenberg River is affected by multiple variables, which are responding differently and might therefore obscure a clear trend. As Bennett et al. [69] concludes, river basins with mixed nival, glacial and pluvial regimes might not respond directly to climate variability as reflected in air temperature or precipitation records. In addition, most of the Arctic rivers with increasing discharges are dominated by nival regimes, while Zackenberg is also influenced by glacier melt. Fleming et al. [70] reported that glacial and nival regimes respond differently to climatic signals.




5.3. Future Research


An important improvement for precipitation records in the Arctic is to ensure a reliable and precise monitoring method. The current problems with the collected data, which have already been described before, greatly limit the analysis of precipitation trends and the correlations with other variables. Also a partition between the precipitation falling as snow and rain would be crucial in order to make statements about the effect of precipitation changes on discharge patterns. Perhaps the use of a snow particle counter would already improve the solid precipitation measurements [71].





6. Conclusions


The aim of this study was to describe the changes in discharge patterns of the Zackenberg River between 1996 and 2019 and correlate the observed discharge trends to the air temperature and the precipitation. The discharge patterns between 1996 and 2019 are characterised by a stable total annual discharge, a lengthening of the discharge period by a later river freeze-up and extreme discharge peaks. The discharge is primarily affected by snowmelt in early summer and glacier melt in late summer. The lack of trend in annual discharge can be explained by relatively stable snowfall despite an increase in total precipitation, storage of water within the glacio-hydrological system and a stable negative mass balance of A.P. Olsen ice cap. The lengthening of the discharge period is related to the increasing air temperatures, and the extreme discharge peaks are caused by GLOFs originating from a glacier-dammed lake.



The discharge trend of Zackenberg River is unique since most Arctic rivers show an increasing trend. As Zackenberg River is characterised by a mixed hydrological regime, the discharge does not respond directly to climate variability in air temperature or precipitation. The mechanisms behind the precipitation patterns across the Arctic are still poorly understood. Future research should therefore focus on improving separate measurements of solid and liquid precipitation in cold climates to be able to get a deeper understanding of the precipitation trends and the relationship to discharge patterns.
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Figure 1. Location of Zackenberg Research Station and the drainage basin of Zackenberg River in Greenland, own representation based on data provided by GADM [30] and ZERO [31]. 
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Figure 2. Walter climate diagram of Zackenberg based on climate data [40,41] between 1996–2019. 
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Figure 3. Hydrographs consisting of discharge measurements between 1996 and 2019. The date is displayed as the day of the month. Extreme discharge events are labelled with their estimated maximum peak discharge. Note the missing data after a flood in 2005. 
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Figure 4. Linear trends calculated for the different parameters with their corresponding   R 2   values and p-values. (a) Annual discharge between 1996 and 2019, including the trend between 1996 and 2003 as found by Mernild et al. [27]. (b) Mean annual air temperature between 1996 and 2019. (c) Thawing Degree Days between 1996 and 2019. (d) Annual precipitation between 1996 and 2019. 
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Figure 5. Bars indicating the period of running water in Zackenberg River between 1996 and 2019. Start and end of the period, respectively river break-up and freeze-up, indicated by the day of the year. 
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Figure 6. Max. snow depth in comparison to the total discharge (1996–2019). The blue bars mark the max. snow depth measured during a year, while the black line shows the total discharge of Zackenberg River. 
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Table 1. Pearson’s correlation coefficient (r) testing for a linear relationship between the mentioned variables and the p-value testing for non-correlation. The significance level is   α = 0.05  .
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	Discharge Variable
	Climatic Variable
	r
	p-Value





	Discharge period
	TDD
	0.52
	<0.01



	Total annual discharge
	Maximum snow depth
	0.48
	0.02



	Daily average discharge
	Daily average air temperature
	−0.47
	<0.01



	Total annual discharge
	TDD
	0.25
	0.24



	Total annual discharge
	MAAT
	0.22
	0.29



	Daily average discharge
	Daily precipitation sum
	0.02
	0.10



	Total annual discharge
	Annual precipitation sum
	0.00
	0.99
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