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Abstract

:

Most of the existing literature on river water temperature focuseds on river thermal sensitivity to long-term trends of climate variables, whereas how river water temperature responds to extreme weather events, such as heatwaves, still requires in-depth analysis. Research in this direction is particularly relevant in that heatwaves are expected to increase in intensity, frequency, and duration in the coming decades, with likely consequences on river thermal regimes and ecology. In this study we analyzed the long-term temperature and streamflow series of 19 Swiss rivers with different hydrological regime (regulated, low-land, and snow-fed), and characterized how concurrent changes in air temperature and streamflow concurred to affect their thermal dynamics. We focused on quantifying the thermal response to the three most significant heatwave events that occurred in Central Europe since 1950 (July–August 2003, July 2006, and July 2015). We found that the thermal response of the analyzed rivers contrasted strongly depending on the river hydrological regime, confirming the behavior observed under typical weather conditions. Low-land rivers were extremely sensitive to heatwaves. In sharp contrast, high-altitude snow-fed rivers and regulated rivers receiving cold water from higher altitude hydropower reservoirs or diversions showed a damped thermal response. The results presented in this study suggest that water resource managers should be aware of the multiple consequences of heatwave events on river water temperature and incorporate expected thermal responses in adaptive management policy. In this respect, additional efforts and dedicated studies are required to deepen our knowledge on how extreme heatwave events can affect river ecosystems.
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1. Introduction


Air Temperature (AT) is generally thought to be one of the main controls of River Water Temperature (RWT) e.g., [1,2,3,4], motivating its use as a reasonable proxy to describe, although through simplified approaches, the physical dynamics that control river thermal regimes e.g., [5,6,7]. Although AT has been shown to be a very strong predictor of RWT, some studies have clearly demonstrated that it is not the only variable influencing river thermal dynamics. In some cases a key role is also played by streamflow (SF) e.g., [8,9,10,11,12]. This aspect becomes relevant when the aim is to predict how water temperature in a river will respond in the future, specifically because projected increases in AT are expected to be compounded with substantial changes in total annual precipitation [13]. In addition, Krasting et al. [14] estimated that snowfall will likely decrease throughout the entire snowfall season in the Northern Hemisphere, especially at the mid-latitude regions. Alterations in snowpack accumulation and timing of spring snowmelt will undeniably affect river thermal regimes. In fact, snow-dominated rivers are generally thermally buffered by snowmelt in summer, due to upstream advective fluxes of cold water that can overwhelm the warming effect resulting from increasing AT in summer e.g., [15,16,17]. A similar damping of RWT can also be visible in cold headwater streams [18,19] that are generally less directly coupled to atmospheric energy exchanges, and in rivers that are dominated by deep and cold groundwater inflows [20,21], whose temperature is in turn linked to climate and land use conditions [22]. Along with the central role exerted by climatic and hydrological factors, a number of studies have also shown that human disturbances such as modifications in land use e.g., [23], changes in riparian vegetation e.g., [24,25] (also associated with the occurrence of wildfires [8]), presence of large reservoirs and lakes [26,27], damming e.g., [28,29,30,31], and thermal releases [32] can strongly contribute in controlling RWT dynamics e.g., [33].



The thermal regime of a river is therefore mediated by the overall complexity of the hydrological, climate, and land-use features of its watershed, thus making the significance and magnitude of changes in RWT relative to changes in AT inherently site-specific [17,34]. In this regard, Kelleher et al. [35] introduced the concept of thermal sensitivity (successively developed by Mayer [36]), defined as the sensitivity of RWT at a given site to changes in AT, and quantified as the slope of the regression line between AT and RWT. Piccolroaz et al. [37] revisited and extended this concept by introducing a new classification that distinguishes between thermally reactive and thermally resilient rivers. The authors found a strong correlation between their new thermal classification and the hydrological regime of rivers.



Since RWT is an ultimate driver of the ecology of streams and rivers, dictating the overall health and integrity of aquatic ecosystems [4], a proper understanding of the sensitivity of RWT to fluctuations in climate is of considerable interest to water resource managers [33] and freshwater ecologists [38]. The present study is intended to contribute to the advancement of such understanding, complementing the existing literature on river thermal regimes by specifically exploring and quantifying the response of RWT to extreme pulse events such as heatwaves, namely extended periods of unusually high atmosphere-related heat stress generally compounded by extraordinary dry periods [39]. The motivation behind this study is two-fold. First, most of the existing literature focused on the response of RWT to long-term trends of climate variables, while how RWT responds to extreme events still requires in-depth analysis. For instance, recent works have shown that—coherently with a gradual AT warming trend observed during the last century—several rivers are experiencing long-term warming trends e.g., [8,40,41,42,43] (although with different significance and magnitude depending on the specific site characteristics). However, these studies did not analyze the thermal response to the occurrence of abnormal climatic conditions. Second, and related to the previous point, observations and predictions indicate that climate extremes, including heatwaves, will increase in frequency, intensity and duration globally in the coming next decades [44,45,46,47], suggesting the need to consider a change of paradigm in scientific research from trend-focused to trend- and event-focused studies [48].



We note that heatwaves are expected to have serious non-linear effects on aquatic ecosystems [38], potentially causing a breakdown and loss in ecosystem function and composition [49,50], and favoring invasive species because of differences in tolerance and abilities to preempt available resources (e.g., by growth and colonization) more quickly than native species [51]. For example, the 2003 European heatwave caused high mortality among riverine benthic invertebrates in France and major shifts in density and species richness that lasted for almost a decade [52,53]. This undoubtedly offers further confirmation of the need to deepen our understanding of how RWT responds to extreme weather events.



In this study, we used the instrumental record of 19 gauged river stations of the Swiss monitoring network to assess the thermal response of three different hydrological categories of rivers (namely: regulated by higher altitude hydropower reservoirs or diversions, low-land without anthropogenic flow releases from higher altitudes, and glacier/snow-fed) to varying AT and SF during a 32-year period. The study period (1984–2015) contained the occurrence of the three most significant heatwaves that occurred in Central Europe since 1950 (June–August 2003, July 2006, and July 2015 [54]), which were analyzed to disentangle how concurrent changes in AT and SF affected the thermal response of the different river categories under extreme climatic conditions. The considered dataset covers an Alpine region characterized by a large variability in orographic, land-use, hydrological, and climatic features, thus allowing for generalization of the results to other similar contexts.




2. Materials and Methods


2.1. Available Data


The available dataset comprised 19 Swiss stations, evenly distributed within the Swiss region (Figure 1 and Table 1). Since the 1960s, RWT at sites has been measured throughout Switzerland continuously using platinum resistance recorders [55]. High accuracy of temperature measurements (±0.15    ∘  C) is guaranteed by periodic and regular comparative measurements with calibrated thermometers [56]. For each station, we used data for RWT and SF at intervals of 10 and 15 min, respectively, from which we calculated daily averages. The record of observations for each station is specified in Table 1, which contains 24 rivers (five were not considered in the main part of the analysis because the temporal record was shorter). Data were obtained by the Swiss Federal Office of the Environment (BAFU).



Using available GIS information (https://map.geo.admin.ch) and expert judgement, Piccolroaz et al. [37] analyzed 38 Swiss gauging stations and classified them into groups of rivers with different hydrological regimes depending on different geomorphic and anthropogenic characteristics of the river catchments. In this study, we used that same classification, extending the analysis to some river stations not considered in that work but present in our dataset. The first group (referred to as ‘regulated’) was characterized by rivers flowing along mountain valley floors with upstream releases from bottom withdrawals from higher altitude storage hydropower plants, hydraulic diversions, or any other anthropogenic regulations introducing a shortcut between high altitudes and valley bottoms. Water releases were located at a variable distance from the monitored cross section (see Table 1). The second group (referred to as ‘low-land’ rivers) was not affected by anthropogenic flow releases able to alter the thermal pattern and was characterized by low altitude and large catchment areas. This group also comprised lake outlets and rivers with hydraulic structures for hydroelectricity production, but only of the run-of-the-river type. The third group (referred to as ‘snow-fed’) comprised natural rivers at high altitude and at short distance downstream of a glacier or snowfield (as indicated by the high altitudes of the stations and small areas of the river catchments in Table 1, compared to the other two groups), which directly contribute to streamflow through their melting waters.



Piccolroaz et al. [37] verified the robustness of this GIS-based classification by analyzing the typical seasonal patterns of RWT, AT and SF, which showed markedly different features among the considered hydrological classes. This result provided the basis to introduce a river classification to distinguish between thermally reactive rivers (low-land rivers) and thermally resilient rivers (regulated and glacier/snow-fed rivers). We remark that this classification may differ from other classifications specifically intended to investigate high frequency hydro- and thermo-peaking e.g., [57,58,59,60], where the time scale of interest was sub-daily. We also note that in the original classification, Piccolroaz et al. [37] considered low-land rivers and lake outlets as belonging to two different river categories. Here we opted to combine these two river categories together since, as will be discussed later, preliminary analysis showed fully comparable thermal response to extreme events.



AT patterns in this study were based on daily averaged air temperatures recorded in the period 1984–2015 in some representative stations on the Swiss Plateau (see the next section for details). Data were obtained from the Swiss Meteorological Institute (MeteoSchweiz).




2.2. Statistical Analysis


For each analyzed variable (i.e., AT, RWT, and SF) and each river station, a climatological year was defined by averaging for each day of the year the values of all measurements available over the observation period for that same day (see Table 1). The climatological years for AT, RWT and SF (namely    A T  ¯  ,    R W T  ¯  , and    S F  ¯  ) were defined using the period with overlap of the three variables. We note that a 30-year period is generally accepted as a suitable time window to construct a climatological year e.g., [61], and that in nearly all the 19 stations considered here, a 32-year observational period was available (only in two cases a 30-year record was available for RWT and a 17-year for SF; in the latter case, the station was excluded from the analysis of SF anomalies; see Table 1).



Daily temperature anomalies of both RWT and AT were then calculated as the difference in the temperature value (  T  y , i   ) in a day with respect to the climatological year (   T ¯  i  )


  T  ′  y , i   =  T  y , i   −   T ¯  i   



(1)




where ′ indicates anomalies, the subscript i denotes the generic i-th day of year y, and T is the generic variable standing either for RWT or AT. Differently from above, and to deal with possible larger variability of SF among rivers and seasons, SF anomalies were normalized relative to the climatological year as follows


  q  ′  y , i   =   Q  ′  y , i      Q ¯  i   =    Q  y , i   −   Q ¯  i     Q ¯  i   =  q  y , i   − 1  ,  



(2)




where Q and q are SF and normalized SF (dimensionless), respectively.



The use of temperature anomalies is a common and consolidated practice to describe inter-annual variability in climate change studies e.g., [62,63], including those focused on extreme events such as heatwaves e.g., [64]. The reason (and need) to use temperature anomalies instead of absolute temperatures is that the former provides a frame of reference that allows for a fair comparison among data that are spatially distributed. Conversely, absolute temperatures are inherently affected by local factors (such as the location and elevation of the measurement site), thus may vary significantly even over short distances. Hence, comparing absolute temperatures may not be possible, while there is a strong correlation between temperature anomalies over large distances e.g., [65,66]. Since the interest here is on investigating the effect of large scale (macro-regional) climatic events (i.e., heatwaves), in this study we evaluated the AT anomalies by averaging the data from a few meteorological stations on the Swiss Plateau (Zurich, Basel and Geneva), which covered the whole analyzed period. The computed anomalies can be safely considered as representative of the inter-annual variability at the regional scale (i.e., the time and spatial scales of interest) [60]. This is in agreement with Hari et al. [40], which showed that measurements from a few stations on the Swiss Plateau effectively capture the temporal structure in regional air temperatures, and with Schär et al. [64], who considered these stations as particularly reliable and suggested to amalgamate the data into one single series to minimize the contamination by local meteorological and instrumental conditions.



Probability distributions of daily anomalies of AT, RWT, and SF were calculated for the two summer periods June-July-August (JJA, i.e., 92 days) and July (J, i.e., 31 days), when 2003, 2006, and 2015 heatwaves were particularly intense [54]. Three empirical probabilistic distributions were defined, one for each river group, by joining the daily anomalies of AT, RWT, and SF from all years and river stations in the dataset, limited to the periods JJA and J. This allowed us to locate the relative importance of heatwave events in the range of climatological variations.



Finally, to quantify the cumulative stress of RWT changes on aquatic biota, we used the degree-days (DD) of temperature anomalies defined as the integral of RWT anomalies over time (i.e., the area under the curve of the temperature anomalies). DD is an index generally used to assess the relationships between cumulative temperature measures and ecological processes [67,68,69]. In addition, DD was calculated for the periods JJA and J.





3. Results


According to Russo et al. [54], heatwaves that occurred in July–August 2003, July 2006, and July 2015 were the three most significant heatwave events that occurred in Central Europe since 1950. The 2003 heatwave event was the strongest, the 2006 event the weakest, while the 2015 heatwave was intermediate to these but particularly significant in Switzerland [54].



Figure 2 shows the distributions of daily anomalies of AT and RWT during the summer period July–August (JJA) and the corresponding mean daily anomaly relative to the same period (indicated with an arrow) for each river category (subplots A, C, E, and G). The number of days (and consecutive days) exceeding the 90th percentile for AT and RWT anomalies are also shown for each year, providing a quantitative measure of the intensity of the corresponding anomalies (subplots B, D, F, and H). The 2003 heatwave event is clearly identifiable (Figure 2B). The seasonally averaged daily AT anomaly in JJA-2003 was approximately equal to the 90th percentile of the climatological (i.e., 30-year long-term) distribution of JJA daily anomalies (Figure 2A), with nearly 50 days (i.e., 55% of the JJA period) warmer than this threshold being evident (including 17 consecutive days, Figure 2B). Low-land rivers were strongly affected by this extreme event, to the extent that RWT response was even amplified when compared to AT, with the seasonally averaged daily RWT anomaly being greater than the 90th percentile (Figure 2C) and more than 60 days (i.e., 65% of the JJA period) warmer than this threshold being evident (Figure 2D), among which 22 consecutive days. This result was not observed for regulated and snow-fed rivers in which the seasonally averaged daily anomaly in JJA was just slightly above the distribution median (Figure 2C,E,G). In these two groups, no clear difference in the number of days above the threshold was visible during the occurrence of the 2003 heatwave with respect to the other years (Figure 2D,F,H).



During the 2003 heatwave, low-land rivers experienced a decrease in streamflow (Figure 3A). However, the streamflow anomaly in JJA was not so strong, since the seasonally averaged daily anomaly stayed above the 10th percentile of the climatological distribution of JJA anomalies (Figure 3A), with less than 30 days (i.e., 33% of the JJA period) below the 10th percentile (including 11 consecutive days, Figure 3B). Conversely, no streamflow reduction was experienced by the other two groups in the same period (Figure 3C,E). On the contrary, the class of snow-fed rivers was the only group with positive streamflow anomalies (Figure 3), suggesting that heatwave events may actually increase meltwater inputs from glaciers/snowfields. In turn, this may even cause cooling of RWT, as observed in several boreal streams in southwest Alaska [17]. The small number of snow-fed rivers with long-term data (see Table 1), however, did not allow for further deepening the analysis of this river category.



Analogous results, albeit less pronounced, emerged from the analysis of the shorter 2006 and 2015 July heatwaves (Figure 4 and Figure 5). This is especially true for low-land rivers, which, as in 2003, showed a marked response of RWT accompanied by moderate flow reduction. However, during these two heatwaves events, regulated and snow-fed rivers experienced a stronger response of RWT to positive AT anomalies, especially snow-fed rivers in 2015. Interestingly, in these cases positive RWT anomalies were not associated with any remarkable flow reduction (the monthly averaged daily SF anomalies being slightly negative or close to the median for both river categories), as confirmed by the small numbers of days with daily SF anomalies below the 10th percentile. In other words, RWT warmed irrespective of the fact that the thermal inertia of the rivers at hand did not undergo a notable reduction due to flow decrease, suggesting a secondary and, in some respects, complex role of SF on thermal sensitivity of rivers.



We extended the analysis of thermal and flow response of rivers to extreme AT events to the entire 32-year time series by performing correlation analysis between the number of warm AT and RWT days (i.e., temperature anomalies warmer than the 90th percentile) and the number of low flow days (SF anomalies lower than the 10th percentile). Results in terms of the Pearson correlation coefficient R and significance p-value are listed in Table 2 for the different river categories, analyzed periods (JJA and J), and pairs of variables. The results revealed statistically significant (p-value < 0.01) and very strong positive correlation (R∼0.95) between AT and RWT warm days in low-land rivers, both in JJA and J. A statistically significant but much lower correlation was found for the other two river categories (R = 0.61, on average). On the contrary, the correlation between the number of warm AT days and low flow days, showed statistically significant results only for low-land rivers (R = 0.67, on average) but not for the other two river categories, confirming the complete disconnection between extreme AT and low flow events in regulated and snow-fed rivers. Similarly, the correlation between RWT warm days and low flow days showed good correlation (R = 0.72, on average) only for low-land rivers, while it was low and in general not significant for the other two categories (especially for snow-fed rivers), corroborating the unclear role of SF on the thermal sensitivity of these rivers.



Since the standard deviation of RWT anomalies for regulated and snow-fed rivers (less than 0.8    ∘  C) was lower than that of low-land rivers (about   2.0   ∘   C, see also the empirical distribution function in Figure 2 and Figure 4), the occurrence of RWT anomalies above a given percentile threshold is expected to have different impacts on aquatic life in the three river categories. In order to address this point and coherently with existing literature in the field of freshwater biology e.g., [67,68,69], we introduced the cumulated degree days of anomalies (DD) as an useful indicator to quantify the response of a river to a heatwave event and the resulting impact on freshwater ecosystem. During the 2003 heatwave (JJA), the DD at the end of August reached nearly 290 DD in low-land rivers, ca. 35 DD in regulated rivers, and ca. 25 DD in snow-fed rivers (Figure 6A). A similar result was found for the 2006 and 2015 heatwaves (Figure 6B), although fewer DD cumulated for low-land rivers due to the shorter length of the heatwave (July 2006: ca. 90, 20, and 20 DD for low-land, regulated and snow-fed rivers respectively; July 2015: ca. 80, 25, and 30 DD for the same river categories). The behavior is clear: heatwave effects were evident and extreme in low-land rivers, while being significantly mitigated in regulated and snow-fed rivers. This result suggests that the general thermal sensitivity of the three river categories as described by Piccolroaz et al. [37] is expected to be valid in the presence of extreme weather events. In addition to that, statistically significant long-term trends in DD were identified, in particular for the JJA period (Figure 6A and Table 3). The extraordinary high DD values cumulating during heatwaves relative to long-term warming trends (Figure 6A,B) effectively illustrate how heatwaves may act as a pulse disturbance in the case of the highly responsive low-land rivers. Since we believe that the use of linear trends to describe long-term dynamics may obscure the identification and interpretation of interannual fluctuations or regime shifts [70], we also report the five-year moving average line.




4. Discussion and Conclusions


The analysis presented here showed the existence of a large-scale regional coherence of RWT in Switzerland when analyzing rivers with the same hydrological (and consequently thermal) regime, despite the analyzed rivers being varied in terms of catchment area, elevation, and orientation (see Table 1 and Figure 1). This confirmed and extended previous studies e.g., [40] by specifically addressing the response of RWT to extreme climatic events. The analysis of the heatwave events clearly indicated that low-land rivers were extremely sensitive to changes in AT in the presence of extreme events, while snow-fed and regulated rivers showed a marked thermally resilient behavior, confirming the thermal response of these three river categories under typical weather conditions [37]. The results were also in agreement with recent findings obtained analyzing a similar dataset [60], but considering indicators based on sub-daily thermal variability to differentiate between rivers affected or not by hydropower releases. For snow-fed rivers, we concluded that heatwave pulses are mitigated by cool water inputs from glacier/snowfield meltwaters or may even cause cold water anomalies in summer due to greater cool water inputs, as observed during the 2003 heatwave (see Figure 2 and Figure 3). Cool water releases from reservoirs or hydraulic diversions at higher elevations also mitigated the thermal response to heatwaves in regulated rivers. Fully equivalent results were obtained analyzing the anomalies of daily minimum and maximum RWT (not shown), which are often considered as significant indexes when investigating the freshwater ecosystems e.g., [71]. A schematic representation of how the three different river categories considered in this study respond to heatwaves is shown in Figure 7.



One may wonder whether the similar behavior between regulated and snow-fed rivers is due to the fact that regulated rivers are generally located in mountainous regions where a contribution of snowmelting to spring/summer streamflow is present. However, Figure 8 provides evidence of substantial differences between the two river categories. Figure 8A shows the relationship existing between river station elevation and upstream catchment surface area, for the three river categories. Two distinctive clustering patterns are clearly distinguishable between snow-fed rivers and low-land and regulated rivers. Snow-fed river gauge stations were characterized by significantly smaller catchment areas (40× smaller, on average) and higher elevations (3× higher, on average) compared to the other two groups of rivers. Geographic features of regulated rivers were clearly different from those of snow-fed rivers, but were comparable to those of low-land rivers. Additionally, Figure 8B shows a similar clustering when looking at the flow duration curves of the three groups of rivers. In this case, regulated and snow-fed rivers showed marked differences in their hydrological regime, the former class of rivers behaving similarly to the group of low-land rivers. In particular, snow-fed rivers showed larger variability of streamflow during the year, as a result of the alternation of high flows in spring/summer due to snowmelt and extremely low flows in winter when precipitation is snow and snowmelt is low. These substantial differences indicate that the thermal behavior of regulated rivers is actually not controlled by the same factors as in snow-fed rivers, but that other dynamics, such as cold water releases from high-altitude reservoirs or hydraulic diversions, are fundamental. As a side comment, we acknowledge that the analysis of snow-fed rivers may suffer from the availability of only two long-term river stations. For this reason, in the analysis provided in Figure 8B, we supported the results by adding the information from other stations (see Table 1) with a 30-year record of SF but shorter records of RWT data, which prevented their use in the analysis presented in the previous section.



In their original river classification, Piccolroaz et al. [37] categorized low-land rivers and lake outlets into two different river groups. This was motivated by clear differences in the seasonal patterns of SF, while thermal reactiveness to changes in AT was similar in the two cases. Preliminary analysis (not shown) evidenced fully comparable behavior of these two river categories also in the case of thermal response to extreme heat events, thus making it convenient to group the two river types into one category. This further confirms the secondary role of SF in modulating RWT, which clearly emerged from the analysis presented in Section 3, especially in the cases of regulated and snow-fed rivers. Although it is difficult to infer more detailed conclusions based on the present analysis, what emerged was a secondary effect of the variation of the thermal inertia of the river due to changes in SF. However, we suggest that it is not just SF but also the temperature of upstream water fluxes that should be considered as a control of downstream RWT, both of which are likely to undergo significant changes in timing and magnitude under climate change especially in regulated and snow-fed rivers. According to previous studies e.g., [72,73,74], thermal cooling effects in snow-fed rivers will likely dampen with global, long-term glacier loss and may even flip to thermal warming effects as observed in low-land rivers. Although quantifying RWT response to future heatwave events is beyond the scope of the present study, the above considerations suggest that reliable hydrological simulations are necessary for making trustworthy projections under climate change scenarios. This should be carefully considered in defining river management and conservation planning strategies, especially in regulated river where, depending on the location and depth of the water intake, water releases could be used to effectively mitigate warm stream temperature in summer [30,75,76,77,78].



Warming RWTs are already causing shifts in the distribution and abundance of freshwater organisms by altering water quality, stressing upper thermal limits, and increasing the invasion potential of non-native species, particularly taxa that are temperature eurytolerant [79,80,81]. As rivers become warmer from climate change, the effect of an extreme heatwave event (even less intense, as 2006 relative to 2003) as a pulse disturbance has higher probability of causing an ecosystem state change [48,82], providing the stimulus for ecosystems to cross ecological thresholds into novel, and potentially irreversible, ecosystem states. The extreme heatwave of 2003 has been posited to have caused ecosystem shifts in some rivers [79,81], although relatively few studies have explicitly examined the effects of heatwaves on river ecosystems e.g., [38,53,60,80]. In this context, the results of the present analysis point to the need for advancing our knowledge on how pulse heatwave effects on thermal regimes may influence the ecology of rivers, and how these pulse events act as press disturbances in the presence of ongoing climate warming.
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Figure 1. Map of Switzerland with the location of river stations (ID numbers, see Table 1) and meteorological stations used in the analysis. 
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Figure 2. Distributions of daily anomalies during the summer period JJA, considering air temperature (A) and water temperature for low-land (C), regulated (E) and snow-fed (G) rivers. Shaded areas show the top 90th percentile in the distribution and arrows indicate the averaged anomalies for the strong heatwave in 2003. The number of days exceeding 90% is shown in the right column (B,D,F,H) for the period 1984–2015, with inset bars indicating the number of consecutive days. 
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Figure 3. Distributions of daily anomalies in normalized streamflow for low-land (A), regulated (C) and snow-fed (E) rivers during JJA. Shaded areas show the bottom 10th percentile in the distribution and arrows indicate the averaged anomalies for the heatwave in 2003. The number of days below 10% is shown in the right column (B,D,F) for the period 1984–2015, with inset bars indicating the number of consecutive days. 
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Figure 4. Distributions of daily anomalies during July, considering air temperature (A) and water temperature for low-land (C), regulated (E) and snow-fed (G) rivers. Shaded areas show the top 90th percentile in the distribution and arrows indicate the averaged anomalies for the two heatwaves in 2006 and 2015. The number of days exceeding 90% is shown in the right column (B,D,F,H) for the period 1984–2015, with inset bars indicating the number of consecutive days. 
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Figure 5. Distributions of daily anomalies in normalized streamflow for low-land (A), regulated (C) and snow-fed (E) rivers during July. Shaded areas show the bottom 10th percentile in the distribution and arrows indicate the averaged anomalies for the heatwaves in 2006 and 2015. The number of days below 10% is shown in the right column (B,D,F) for the period 1984–2015, with inset bars indicating the number of consecutive days. 
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[image: Water 10 01098 g005]







[image: Water 10 01098 g006 550] 





Figure 6. Cumulative degree-days of average temperature anomalies (dots) in JJA (A) and July (B). The long-term linear trends (continuous lines, see Table 3 for significance values) and the five-year moving average lines (dotted lines) are also plotted. 
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Figure 7. Qualitative description of the different hydrological categories of rivers investigated in this work and of their different response to heatwaves: ‘snow-fed’ rivers comprise natural rivers at high altitude and at short distance downstream of a glacier or snowfield; ‘regulated’ rivers flow along mountain valley floors and are affected by water releases from higher altitudes through anthropogenic regulations; ‘low-land’ rivers are rivers not significantly affected by anthropogenic flow releases, located at low altitudes, and characterized by large catchment areas. Snow-fed and regulated rivers are thermally resilient rivers showing a mild response to heatwaves thanks to cold water releases from high altitudes. Low-land rivers are thermally reactive rivers showing a significant response to heatwave events. 
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Figure 8. Relationship between river station elevation and upstream catchment surface area (A) and flow duration curves (B) for the three river categories. Note that flow duration curves are evaluated in terms of normalized streamflow evaluated for the climatological year (each line is represented by 365 points). Empty symbols and dashed lines refer to river stations not used in the heatwave analysis because they have less than 30 years of RWT data (see Table 1). 
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Table 1. Dataset of Swiss river stations used in the analysis. In italics we refer to snow-fed river stations with a RWT record shorter than 30 years, which were used only in the analysis presented in Figure 8.
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ID

	
River

	
Station

	
Station Elevation (m a.s.l.)

	
Surface Area of Catchment (km    2   )

	
Mean Elevation of Catchment (m a.s.l.)

	
Distance from Hydropower Release ** (m)

	
Record of Observation *




	
RWT

	
Streamflow






	
Low-land rivers




	
2016

	
Aare

	
Brugg

	
332

	
11,726

	
1010

	
-

	
1984–2015

	
1984–2015




	
2029

	
Aare

	
Brügg, Aegerten

	
428

	
8293

	
1150

	
-

	
1984–2015

	
1984–2015




	
2030

	
Aare

	
Thun

	
548

	
2466

	
1760

	
-

	
1984–2015

	
1984–2015




	
2044

	
Thur

	
Andelfingen

	
356

	
1696

	
770

	
-

	
1984–2015

	
1984–2015




	
2070

	
Emme

	
Emmenmatt

	
638

	
443

	
1069

	
-

	
1984–2015

	
1984–2015




	
2085

	
Aare

	
Hagneck

	
437

	
5104

	
1380

	
-

	
1984–2015

	
1984–2015




	
2091

	
Rhein

	
Rheinfelden

	
262

	
34,526

	
1039

	
-

	
1984–2008, 2011–2015

	
1984–2015




	
2135

	
Aare

	
Bern, Schönau

	
502

	
2945

	
1610

	
-

	
1984–2015

	
1984–2015




	
2143

	
Rhein

	
Rekingen

	
323

	
14,718

	
1080

	
-

	
1984–2015

	
1984–2015




	
2152

	
Reuss

	
Luzern, Geissmattbrücke

	
432

	
2251

	
1500

	
-

	
1984–2015

	
1984–2015




	
2174

	
Rhône

	
Chancy, Aux Ripes

	
336

	
10,323

	
1580

	
-

	
1984–2015

	
1984–2015




	
2415

	
Glatt

	
Rheinsfelden

	
336

	
416

	
498

	
-

	
1984–2015

	
1984–2015




	
Regulated rivers




	
2009

	
Rhône

	
Porte Du Scex

	
377

	
5244

	
2130

	
26,510

	
1984–2015

	
1984–2015




	
2011

	
Rhône

	
Sion

	
484

	
3373

	
2310

	
9300

	
1984–2015

	
1984–2015




	
2019

	
Aare

	
Brienzwiler

	
570

	
554

	
2150

	
11,770

	
1984–2015

	
1984–2015




	
2056

	
Reuss

	
Seedorf

	
438

	
832

	
2010

	
39,670

	
1984–2015

	
1984–2015




	
2372

	
Linth

	
Mollis, Linthbrücke

	
436

	
600

	
1730

	
5600

	
1984–2015

	
1984–2015




	
Snow-fed rivers




	
2269

	
Lonza

	
Blatten

	
1520

	
77.8

	
2630

	
-

	
2/11/1986–2015

	
1984–2015




	
2462

	
Inn

	
S-chanf

	
1645

	
618

	
2466

	
-

	
1984–2015

	
25/3/1999–2015




	
2161

	
Massa

	
Blatten bei Naters

	
1446

	
195

	
2945

	
-

	
2003–2015

	
1984–2015




	
2232

	
Allenbach

	
Adelboden

	
1297

	
28.8

	
1856

	
-

	
2002–2015

	
1984–2015




	
2256

	
Rosegbach

	
Pontresina

	
1766

	
66.5

	
2716

	
-

	
2004–2015

	
1984–2015




	
2276

	
Grosstalbach

	
Isenth

	
767

	
43.9

	
1820

	
-

	
19/2/2004–2015

	
1984–2015




	
2327

	
Dischmabach

	
Davos, Kriegsmatte

	
1668

	
43.3

	
2372

	
-

	
27/12/2003–2015

	
1984–2015








Note: * The intervals refer to the period from 1 January of the first year to 31 August 2015, if not otherwise specified. ** According to Vanzo et al. [57].
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Table 2. Results from correlation analysis (Pearson correlation coefficient R, and significance level p of the F test) between the 32-year time series of AT and RWT warm days (i.e., temperature anomalies warmer than the 90th percentile) and low flow days (i.e., SF anomalies lower than the 10th percentile). Results are listed for the different river categories, analyzed periods (JJA and J), and pairs of variables (AT vs. RWT, AT vs. SF, RWT vs. SF). Correlation is considered statistically significant for p-value < 0.01.
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AT vs. RWT

	
AT vs. SF

	
RWT vs. SF




	

	
R

	
p-Value

	
R

	
p-Value

	
R

	
p-Value




	

	
(-)

	
(-)

	
(-)

	
(-)

	
(-)

	
(-)






	
Low-land rivers

	

	

	

	

	

	




	
JJA

	
0.96

	
<0.01

	
0.68

	
<0.01

	
0.75

	
<0.01




	
J

	
0.93

	
<0.01

	
0.66

	
<0.01

	
0.69

	
<0.01




	
Regulated rivers

	

	

	

	

	

	




	
JJA

	
0.62

	
<0.01

	
0.18

	
0.32

	
0.58

	
<0.01




	
J

	
0.64

	
<0.01

	
0.07

	
0.71

	
0.42

	
0.02




	
Snow-fed rivers

	

	

	

	

	

	




	
JJA

	
0.49

	
<0.01

	
−0.11

	
0.53

	
0.20

	
0.26




	
J

	
0.67

	
<0.01

	
−0.26

	
0.15

	
0.13

	
0.48
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Table 3. Results from linear regression (slope m, coefficient of determination   R 2  , and significance level p of the F test) used to evaluate long-term trends of DD for the period JJA and for July. Linear regression is considered statistically significant for p-value < 0.01.
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m

	
    R 2    

	
p-Value




	

	
(    ∘   C Day/Year)

	
(-)

	
(-)






	
Air

	

	

	




	
JJA

	
4.76

	
0.22

	
<0.01




	
J

	
1.20

	
0.06

	
0.19




	
Low-land rivers

	

	

	




	
JJA

	
4.84

	
0.28

	
<0.01




	
J

	
1.57

	
0.15

	
0.03




	
Regulated rivers

	

	

	




	
JJA

	
3.16

	
0.72

	
<0.01




	
J

	
0.90

	
0.57

	
<0.01




	
Snow-fed rivers

	

	

	




	
JJA

	
2.89

	
0.70

	
<0.01




	
J

	
1.09

	
0.64

	
<0.01
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